Purdue University

Purdue e-Pubs
Open Access Dissertations

Theses and Dissertations

Fall 2013

Top-Down Interrogation And Characterization Of
Biological Macromolecules
Yang Gao
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations
Part of the Analytical Chemistry Commons
Recommended Citation
Gao, Yang, "Top-Down Interrogation And Characterization Of Biological Macromolecules" (2013). Open Access Dissertations. 117.
https://docs.lib.purdue.edu/open_access_dissertations/117

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Graduate School ETD Form 9
(Revised 12/07)

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance
This is to certify that the thesis/dissertation prepared
By Yang Gao
Entitled TOP-DOWN INTERROGATION AND CHARACTERIZATION OF BIOLOGICAL
MACROMOLECULES

For the degree of Doctor of Philosophy

Is approved by the final examining committee:
Scott A. McLuckey
Chair

Hilkka I. Kenttämaa

Tong Ren

Garth J. Simpson

To the best of my knowledge and as understood by the student in the Research Integrity and
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.

Scott A. McLuckey
Approved by Major Professor(s): ____________________________________

____________________________________
Approved by: R. E. Wild

11-4-2013
Head of the Graduate Program

Date

i

TOP-DOWN INTERROGATION AND CHARACTERIZATION OF BIOLOGICAL
MACROMOLECULES

A Dissertation
Submitted to the Faculty
of
Purdue University
by
Yang Gao

In Partial Fulfillment of the
Requirements for the Degree
of
Doctor of Philosophy

December 2013
Purdue University
West Lafayette, Indiana

ii

To my parents and my dear wife Biwei (杨碧薇) thank
you for your love and support

Special thanks to my beloved Leo (六六), without
whom this dissertation could have been finished one
month earlier.

iii

ACKNOWLEDGEMENTS

First and foremost, I would like to express my deepest gratitude to my
mentor, Dr. Scott A. McLuckey, for bringing me into this wonderful world of
biological mass spectrometry. He has been a huge inspiration and role model for
me on my way of pursuing to be a good scientist. I am sincerely grateful for his
willingness to accept me into his research group and his commitment to provide
me with numerous opportunities to develop. Scott has every great attribute of an
ideal research advisor that you would ever want in graduate school, and his
passion and faith in science will continue to encourage me in my future career.
I am also very lucky to be a member of the family of the McLuckey group. I
truly enjoyed working with these many talented people, who were always willing
to help and provide useful insights. I would like to thank Dr. Teng-Yi Huang for
being so patient in introducing me to the world of nucleic acid mass spectrometry,
Dr. Ian K. Webb for the knowledge I gained on the instrumentation of QSTAR,
John Stutzman and William Mcgee for their insightful suggestions that benefit a
lot of my research projects. I appreciated the help I got from Dr. Ken
Chanthamontri, Dr. Kerry Hassel, Dr. Marija Mentinova, Dr. Anastatia
Kharlamova, Dr. Boone Prentice and Dr. James Redwine throughout the years I
had overlapped with them. It is also a great pleasure to work with Corinne

iv
Demuth, Christine Fisher, Joshua Gilbert, Carl Luongo, Nathan Barefoot, Alice
Pilo, Nicole Burke, Stella Betancourt, Jiexun Bu, Zhou Peng and Eric Dziekonski.
I would also like to express my sincere gratitude to the McLuckey group alumni,
Dr. Xiaorong Liang, Dr. Jian Liu and Dr. Peng Pan in helping me with my
research as well as career development. Even though I had no overlapping time
with them in the graduate school, they were still very willing to help me and we
always enjoyed the get-together during ASMS meetings.
Special thanks to Dr. Frank Londry, Dr. Rishehri Mahmoud and Dr. Min
Yang at AB Sciex for the QSTAR instrument troubleshooting and maintenance.
Without your help, I could never imagine how I would be able to bring the QSTAR
back to live. I also owe my thanks to Dr. James Hager and Dr. Larry Campbell at
AB Sciex for baring with my endless questions about troubleshooting the Sciex
instrument.
I would also like to acknowledge my collaborators at Merck. Dr. Fanyu
Meng, Dr. Jiong Yang and Dr. Mark Cancilla gave me a lot of help and great
suggestions on our siRNA collaboration project and shared with me a lot of their
valuable experience in the pharmaceutical industry.
Last but not least, I would like to thank Dr. Garth J. Simpson, Dr. Hilkka I.
Kenttämaa and Dr. Tong Ren for serving as my thesis committee members.
Thank you for sharing your valuable time with me.

v

TABLE OF CONTENTS

Page
LIST OF TABLES ............................................................................................... viii
LIST OF FIGURES .............................................................................................. ix
LIST OF SCHEMES ........................................................................................... xvi
ABSTRACT ...................................................................................................... xviii
CHAPTER 1. INTRODUCTION ........................................................................... 1
1.1 Introduction of Mass Spectrometry as a Structural Characterization ...... 1
1.2 Nomenclature of Oligonucleotide Fragment ions .................................... 3
1.3 Fragmentation Methods .......................................................................... 4
1.3.1 Ion/Neutral: CID of Nucleic Acids ....................................................... 4
1.3.1.1 CID of DNA Anions ..................................................................... 5
1.3.1.2 CID of DNA Cations ................................................................... 8
1.3.1.3 CID of RNA Anions ................................................................... 11
1.3.1.4 CID of RNA Cations ................................................................. 12
1.3.2 Ion/Photon Interactions: Photodissociation of Nucleic Acids............ 14
1.3.2.1 Infrared Multiphoton Dissociation ............................................. 14
1.3.2.2 UltraViolet Photodissociation .................................................... 17
1.4 Conclusions .......................................................................................... 18
1.5 References............................................................................................ 21
CHAPTER 2. COLLISION-INDUCED DISSOCIATION OF
OLIGONUCLEOTIDE ANIONS FULLY MODIFIED AT THE 2’-POSITION OF
THE RIBOSE: 2’-F/-H AND 2’-F/-H-OME MIXMERS ......................................... 38
2.1 Introduction ........................................................................................... 38
2.2 Experimental Section ............................................................................ 41
2.2.1 Materials .......................................................................................... 41
2.2.2 Apparatus and Procedures .............................................................. 42
2.3 Results and Discussions ....................................................................... 43
2.3.1 CID of 6-mer Anions with Uniform Substitution at the 2’-Position .... 43
2.3.2 CID of 6-mer Cations with Uniform Substitution at the 2’-Position ... 49

vi
Page
2.3.3 CID of 2’-(F,H) and 2’-(F,H,OMe) Mix-mer Anions ........................... 50
2.4 Conclusions .......................................................................................... 54
2.5 References............................................................................................ 56
CHAPTER 3.ELECTRON TRANSFER FOLLOWED BY COLLISIONINDUCED DISSOCIATION (NET-CID) FOR GENERATING SEQUENCE
INFORMATION FROM BACKBONE-MODIFIED OLIGONUCLEOTIDE
ANIONS .............................................................................................................. 71
3.1 Introduction ........................................................................................... 71
3.2 Experimental Section ............................................................................ 73
3.2.1 Materials .......................................................................................... 73
3.2.2 Apparatus and Procedures .............................................................. 74
3.3 Results and Discussions ....................................................................... 76
3.3.1 NET-CID of 2’-Modified Mix-mers with Phosphodiester
Backbones ................................................................................................... 76
3.3.2 NET-CID of Mixed-Backbone Oligonucleotides ............................... 80
3.4 Conclusions .......................................................................................... 83
3.5 References............................................................................................ 86
CHAPTER 4.TOP DOWN INTERROGATION OF CHEMICALLY MODIFIED
OLIGONUCLEOTIDES BY NEGATIVE ELECTRON TRANSFER AND
COLLISION INDUCED DISSOCIATION .......................................................... 107
4.1 Introduction ......................................................................................... 107
4.2 Experimental Section .......................................................................... 110
4.2.1 Materials ........................................................................................ 110
4.2.2 Apparatus and Procedures ............................................................ 111
4.3 Results and Discussions ..................................................................... 113
4.3.1 Ion trap CID of Oligonucleotides with Uniformly Modified
Backbones. ................................................................................................ 113
4.3.2 Ion Trap CID of Oligonucleotide Mix-mers ..................................... 115
4.3.3 NET-CID and Ion Trap CID of Oligonucleotide Mix-mers. ............. 116
4.4 Conclusions ........................................................................................ 118
4.5 References.......................................................................................... 121
CHAPTER 5. INTRAMOLECULAR GAS PHASE CROSSLINKING OF
UBIQUITIN ANALOGUES GENERATED BY SITE-DIRECTED
MUTAGENESIS ............................................................................................... 138
5.1 Introduction ......................................................................................... 138
5.2 Experimental Section .......................................................................... 141
5.2.1 Materials ........................................................................................ 141

vii
Page
5.2.2 Apparatus and Procedures ............................................................ 141
5.3 Results and Discussions ..................................................................... 143
5.3.1 Gas Phase Intramolecular Crosslinking of Ubiquitin Mutants ........ 144
5.3.2 Solution Phase Intramolecular Crosslinking of Ubiquitin ................ 147
5.4 Conclusions ........................................................................................ 149
5.5 References.......................................................................................... 150
CHAPTER 6.THE EFFECTIVE HIGH MASS CUTOFF OF THE DIPOLAR DC
EXPERIMENT AND ION EVAPORATION KINETICS ...................................... 165
6.1 Introduction ......................................................................................... 165
6.2 Experimental Section .......................................................................... 167
6.2.1 Materials ........................................................................................ 167
6.2.2 Apparatus and Procedures ............................................................ 167
6.3 Results and Discussions ..................................................................... 168
6.3.1 Effective High Mass Cutoff with Dipolar DC Activation .................. 170
6.3.2 Ion Evaporation Kinetics with Dipolar DC Activation ...................... 172
6.3.3 Efficient CID Using a Combination of DC Field and Resonance
Excitation ................................................................................................... 174
6.4 Conclusions ........................................................................................ 176
6.5 References.......................................................................................... 178
CHAPTER 7.ION/ION REACTION PRODUCT ENRICHMENT IN LINEAR
ION TRAP......................................................................................................... 186
7.1 Introduction ......................................................................................... 186
7.2 Experimental Section .......................................................................... 187
7.2.1 Materials ........................................................................................ 187
7.2.2 Apparatus and Procedures ............................................................ 188
7.3 Results and Discussions ..................................................................... 189
7.3.1 Resonance Excitation Ion Parking during Ion/Ion Reactions ......... 191
7.3.2 The Factors Relative to Resonance Excitation Ion Parking
Efficiency ................................................................................................... 193
7.3.3 Parallel Ion Parking Using Dipolar DC Excitation........................... 195
7.4 Conclusions ........................................................................................ 198
7.5 References.......................................................................................... 200
VITA ................................................................................................................. 208
PUBLICATION.................................................................................................. 209

viii

LIST OF TABLES

Table ............................................................................................................. Page
1.1 Summary of methods used to dissociate nucleic acid ions. See
abbreviations for definitions of the acronyms. ............................................ 36
4.1 Summary of the oligonucleotide sequences used in this study. ............... 134
4.2 Comparison of experimental fragment data with theoretical fragments
(Figure 4.9d in the main body) ................................................................. 136
4.3 Comparison of experimental fragment data with theoretical fragments
(Fig. 4.9d in the main body). .................................................................... 137
5.1 Possible locations of crosslinkers. Half of the possibilities are
removed due to redundancy (--). X indicates links ruled out due to
experimental results. K27-K29, K48-K63, K27-K33, K29-K33, K48K33 and K63-K33 have been experimentally determined by the given
modified sequence ions. Question marks represent possibilities that
cannot be ruled out by the gas phase crosslinking approach. .................. 164

ix

LIST OF FIGURES

Figure ............................................................................................................. Page
1.1 Nucleic acid fragment ion nomenclature proposed (a) by Cerny et
al.17 (b) by Nordhoff et al.20, and (c) by McLuckey et al.21. ......................... 35
2.1 Ion trap CID of doubly deprotonated oligonucleotides: (a) DNA 6mer (dAdCdCdGdAdG), with ion trap CID frequency at 90.5kHz,
excitation amplitude at 250mV and excitation time for 100ms; (b)
RNA 6-mer (rArCrCrGrArG), 85.5kHz, 250mV and 100ms; (c) 2’OMe 6-mer (mAmCmCmGmAmG), 82.05kHz, 250mV and 100ms ........... 60
2.2 Relative abundance versus excitation amplitude for ion trap CID
of doubly deprotonated 2’-OMe 6-mer (mAmCmCmGmAmG).
The abundances were normalized to the most abundant peak in
the spectrum. Excitation amplitude was raised to the point where
no precursor ions could be seen in the product spectrum. ......................... 61
2.3 Ion trap CID of the 2’-OMe 6-mer (mAmCmCmGmAmG) of
different charge states: (a) 3- charge state, 123.257kHz, 220mV
and 100ms; (b) 4- charge state, 165.66kHz, 155mV and 100ms.
Excitation amplitude was set at the level at which 80% of the
precursor ions were fragmented................................................................. 62
2.4 Beam type CID spectra of the 2’-OMe 6-mer
(mAmCmCmGmAmG) of different charge states: (a) 2- charge
state, 90eV; (b) 3- charge state, 99eV, [M-3H]3- peak is between
y42- and c2- but not labeled; (c) 4- charge state, 88eV. “#”
represents the internal fragments............................................................... 63
2.5 Ion trap tandem mass spectra of [M-3H-A]2- of the
oligonucleotides: (a) M=2’-OMe RNA 6-mer, 71.139kHz, 130mV
and 100ms; (b) M=DNA 6-mer, 71.234kHz, 170mV, 100ms. “#”
represents the internal fragments............................................................... 64

x
Figure ............................................................................................................. Page
2.6 Beam-type CID product spectra of [M-3H-A]2- of the
oligonucleotides: (a) M=2’-OMe RNA 6-mer, 200eV; (b) M=DNA
6-mer, 200eV. “#” represents the internal fragments.................................. 65
2.7 Ion trap CID spectra of 2’-OMe RNA 6-mer in positive mode: (a)
2+ charge state, 77.75kHz, 300mV and 100ms; (b) 3+ charge
state, 120.63kHz, 230mV and 100ms. “#” represents the internal
fragments. .................................................................................................. 66
2.8 Ion trap tandem mass spectra of 2’-(F, H) mix-mer 5’fAdAdCfCdCfCdGfGdAfAdGfG-3’ of different charge states: (a) 4charge state, 86kHz, 300mV and 100ms; (b) 6- charge state,
130kHz, 300mV and 100ms. The excitation amplitudes were
tuned to induce 95% precursor attenuation to generate as many
fragment ions as possible. The precursor peaks were not labeled............. 67
2.9 Ion trap tandem mass spectra of 2’-(F, H, OMe) mix-mer 5’dAmCdGdTdCdfCdGmAdTdG-3’ of different charge states: (a) 3charge state, 78.5kHz, 250mV and 100ms; (b) 4- charge state,
104.9kHz, 325mV and 100ms; (c) 5- charge state, 131kHz,
250mV and 100ms. The excitation amplitudes were set to induce
80% precursor attenuation. ........................................................................ 68
2.10 Relative intensity of the a-B/w-ion series at various charge states
(3- to 6-) under ion trap CID conditions. ..................................................... 69
2.11 (a) Beam type CID of 2’-(F, H) RNA mix-mer [M-5H]5- at a
collision energy of 100eV; (b) Beam type CID of 2’-(F, H, OMe)
RNA mix-mer [M-5H]5- at a collision energy of 100eV. ............................... 70
3.1 MS/MS product ion spectra of 2’-(F, H) mix-mer. (a) Ion trap CID
of [M-4H]4-, 115kHz dipolar excitation frequency, and the trapping
time of 100ms for all , if not otherwise indicated, 300mV excitation
amplitude. (b) Ion trap CID of [M-5H]4-• formed from negative
electron transfer reaction between [M-4H]4- and Cu(phen)2+,
400mV excitation amplitude. (A relatively broad ion isolation
window was used for the charge reduced radical anion to avoid
any ejection of precursor ions Peaks between m/z 943-960,
which correspond to Na+, K+, O2 and Cu2+ adduction, also
appeared within the isolation window. These ions did not
contribute to the product ion spectrum, however, due to the
mass-selective nature of single frequency ion trap resonance
excitation.) .................................................................................................. 95

xi
Figure ............................................................................................................. Page
3.2 (a) Summary of the total contributions from a-, d-, w-, and z-ions
to the product ion spectrum of Figure 3.1b of the main text. (b)
Breakdown of contributions of the various ion types according to
linkage site. ................................................................................................ 96
3.3 MS/MS product ion spectra of 2’- (F, H, OMe) mix-mer. (a) Ion
trap CID of [M-3H]3-, 250mV excitation amplitude. (b) Ion trap CID
of [M-4H]3-• formed from negative electron transfer reaction
between [M-4H]4- and Cu(phen)2+, 350mV excitation amplitude.
The isolation window of the charge reduced radical anion was
broad to allow sufficient precursor ions being isolated, allowing
for the peaks between m/z 1040-1060, which correspond to Na,
K, O2 and Cu adduction. ............................................................................ 97
3.4 (a) Summary of the total contributions from a-, d-, w-, and z-ions
to the product ion spectrum of Figure 3.3b of the main text. (b)
Breakdown of contributions of the various backbone ion types
according to linkage site. ............................................................................ 98
3.5 Isotopic distribution of base loss peaks from ion trap CID of [M4H] 3-• of 2’-(F, H,OMe) mix-mer. ................................................................ 99
3.6 MS/MS product ion spectrum of 2’- (F, H) mix-mer. Ion trap CID
of [M-5H]4-•, excitation amplitude was set to 450mV. ............................... 100
3.7 MS/MS product ion spectra of PS 6-mer. (a) Ion trap CID of [M2H]2-, 250mV excitation amplitude; (b) Product spectrum of [M3H]3- reacting with [CuII(phen)2]2+. ............................................................ 101
3.8 MS3 product ion spectrum of a3-ions (A*CC) from generated from
ion/ion reaction between [M-3H]3- of PS 6-mer (A*CC*GA*G) and
[CuII(phen)]2+2. .......................................................................................... 102
3.9 MS/MS product ion spectra of PS 2’-OMe 6-mer. (a) ion trap CID
of [M-2H]2-, 220mV excitation amplitude; (b) ion trap CID of [M3H]2-• formed from negative electron transfer reaction between
[M-4H]4- and Cu(phen)2+, 450mV excitation amplitude. ∆
represents the triply deprotonated anion with the plasticizer
adduct that is commonly seen in an ion trap. Spectrum (b) was
obtained without isolating the radical anions due to the low gas
phase stability of this species. .................................................................. 103

xii
Figure ............................................................................................................. Page
3.10 Ion trap CID of the PS 2’-OMe 6-mer (mA*mCmC*mGmA*mG) of
different charge states: (a) 3- charge state, 120.45kHz, 180mV;
(b) 4- charge state, 161.85kHz, 180mV. Excitation amplitude was
set at the level at which 80% of the precursor ions were
fragmented. .............................................................................................. 104
3.11 MS/MS product ion spectrum of PS 2’-OMe 6-mer ([M-3H]3-)
reacting with [CuII(phen)]2+. ∆ represents the triply deprotonated
anion with the plasticizer adduct that is commonly seen in an ion
trap. .......................................................................................................... 105
3.12 MS/MS product ion spectrum of 2’-OMe 6-mer. (a) ion trap CID of
[M-3H]2-•, excitation amplitude was set to 550mV; (b) product ion
spectrum of [M-3H]3- reacting with [CuII(phen)]2+. (c) and (d) are
the zoomed-in spectra at the [M-3H]2-• peak showing that the
fragments come from the radical anion species. ...................................... 106
4.1 Chemically modified nucleotide residues. ................................................ 124
4.2 Product spectra from ion trap CID of (a) 2’-H 55664; (b) 2’-OH
55664; (c) 2’-F 55664; (d) 2’-OMe 55664 with 475mV dipolar
excitation at 115kHz frequency. –BH and –B- peaks represent
neutral and charged base losses. +P peaks indicate [M9H+plasticizer]9-, which is formed by ion/molecule reactions when
the oligonucleotide anions are exposed to the plasticizer present
in the vacuum housing. ............................................................................ 125
4.3 Product spectra from ion trap CID of (a) 2’-H 55665; (b) 2’-OH
55665; (c) 2’-F 55665; (d) 2’-OMe 55665 with 475mV dipolar
excitation at 115kHz frequency. ............................................................... 126
4.4 Ion trap CID of 2’-H 55664 with supplemental activation applied
to the base loss peaks. ............................................................................ 127
4.5 Backbone fragmentation summary for the ion trap CID of
uniformly 2’-modified oligonucleotides. (a) Fragment
nomenclature with color coding. Fragmentation summary for (b)
2’-H 55664; (c) 2’-OH 55664; (d) 2’-F 55664; (e) 2’-OMe 55664; (f)
2’-H 55665; (g) 2’-OH 55665; (h) 2’-F 55665; (i) 2’-OMe 55665.
The percentages are calculated sequence coverage. .............................. 128

xiii
Figure ............................................................................................................. Page
4.6 Fragment ion map from IT-CID of [M-9H]9- of (a) 2’-(H,OH) 55664;
(b) 2’-(H,OMe) 55664; The percentages are calculated sequence
coverage. (c) 2’-(F,H) 55664 and (d) 2’-(F,OH,OMe) 55665 with
475mV dipolar excitation at 115kHz frequency. (See key in Figure
4.5 for the fragment types.) ...................................................................... 129
4.7 Product spectrum from ion/ion reaction between [(2’-(F,H)
55664)-9H]9- and [rubrene]+•. +P represents plasticizer adduction
to the peak on the left............................................................................... 130
4.8 Fragment ion map from IT-CID of (a) [M-8H]8- and (b) [M-9H]8-• of
2’-(F,OH,OMe) 55665with 475mV dipolar excitation at 115kHz
frequency. The percentages are calculated sequence coverage.
(c) Product spectrum of [M-8H]8- of 2’-(F,OH,OMe) 55665. (d)
Product spectrum of [M-9H]8-• of 2’-(F,OH,OMe) 55665. (See key
in Figure 4.5 for the fragment types in a and b.)....................................... 131
4.9 Fragment ion map from ion trap CID of (a) [M-8H]8- and (b) [M9H]8-• of 2’-(F, H) 55664 with 475mV dipolar excitation at 115kHz
frequency. The percentages are calculated sequence coverage.
Product spectra from IT-CID of (c) [M-8H]8- and (d) [M-9H]8-• of 2’(F,H) 55664. ............................................................................................. 132
4.10 Backbone fragmentation summary for the NET-CID of 2’-(F, H)
55664. Charge state 5-• and 4-• were also investigated but did
not provide further information. ................................................................ 133
5.1 Unimolecular dissociation to determine crosslinked sites. +*
Indicates a covalently attached crosslinker (+ [sulfo-EGS]1- 2[sulfo-NHS]). (a) CID of [M + 7H+ +*]6+. (b) CID of [M + 6H]6+. ............... 158
5.2 Ion trap CID product spectra of (a) [Ubiq+6H++*]6+ and (b)
[Ubiq_K29R+6H++*]6+. +* indicates a covalent attached
crosslinker (+[sulfo-EGS]-2[sulfo-NHS]). The crosslinked
fragment ions are noted in red. ................................................................ 159
5.3 Ion trap CID product spectra of (a) [Ubiq+7H++[sulfo-EGS]-2[sulfo-NHS]]6+, (b) [Ubiq+7H++[BS3]--2[sulfo-NHS]]6+ and (c)
[Ubiq+7H++[BS2G]--2[sulfo-NHS]]6+. +* indicates a covalent
attached crosslinker. The crosslinked fragment ions are noted in
red. ........................................................................................................... 160

xiv
Figure ............................................................................................................. Page
5.4 Ion trap CID product spectra of (a) [Ubiq_K48R+6H++*]6+, (b)
[Ubiq_K27R+6H++*]6+ and (c) [Ubiq_K63R+6H++*]6+. +* indicates
a covalent attached crosslinker (+[BS2G]-2[sulfo-NHS]). The
crosslinked fragment ions are noted in red. ............................................. 161
5.5 Ion trap CID product spectrum of BS2G crosslinked ubiquitin ion
[M+6H++*]6+ formed via (a) gas phase reaction; (b) solution phase
reaction. ................................................................................................... 162
5.6 Ion trap CID product ion spectrum of crosslinked y182+ ion. The
crosslinked fragments are labeled in red. The inset ladder
structure shows the cleavage sites the proposed crosslinking
sites.......................................................................................................... 163
6.1 Experimental vs. theoretical high mass cutoff of UCH-L1 ESI
spectra within a range of dipolar DC activation. For each data
point within a line, the ratio of VDDC and VRF is kept constant in
order to maintain constant heating effect: (a) ∆T=124.85K; (b)
∆T=98.64K; (c) ∆T=55.49K. ..................................................................... 180
6.2 First order kinetics of ion evaporation from the ion trap via dipolar
DC excitation. (a) 200ms Cs+ injection; (b) 8ms Cs+ injection. All
data points are collected under the condition: VDDC=8.2V,
VRF=30.16V, ∆T=887.23K. ....................................................................... 181
6.3 (a) First order ion evaporation kinetics under different trap
pressure; (b) Linear relationship between pressure and
evaporation rate constant. ........................................................................ 182
6.4

(a) First order ion evaporation kinetics under different
temperature increase; (b) Fitting temperature increase and
evaporation rate constant into Arrhenius equation. .................................. 183

6.5 Orthogonal activation of protonated YGGFL ions. DDC is held at
6V. Resonance excitation amplitude is at (a) 0mV; (b) 250mV; (c)
300mV; (d) 350mV, respectively. ............................................................. 184
6.6 Orthogonal activation of protonated YGGFL ions. Resonance
excitation amplitude is held at 285 mV. Rod offset B is held at (a)
5V; (b) 0V; (c) -2V; (d) -6V, respectively. The inset describes the
wiring for two rod pairs of q2 quadrupole. ................................................ 185

xv
Figure ............................................................................................................. Page
7.1 Mass spectra of bovine ubiquitin ions acquired in (a) pre-ion/ion
mode, (b) post-ion/ion mode and (c) ion parking mode with
81.77Hz_300mV dipolar RF excitation in mutual storage period. ............ 203
7.2 Post ion/ion reaction mass spectra of bovine ubiquitin [M+7H]7+
and [BSN-H]-. (a) Post ion/ion reaction without ion parking; (b) ion
parking on [M+6H+BSN]6+ with 81.77Hz_300mV; (c) ion parking
on [M+5H+2BSN]5+ with 65.72Hz_300mV; (d) ion parking on
[M+4H+3BSN]4+ with 50.95Hz_400mV. The “stars” represent first
neutral sulfo-NHS losses from the electrostatic complexes. .................... 204
7.3 LINAC effect on ion parking efficiency demonstrated using proton
transfer reaction: [ubiquitin]6++[PFO-H]-. (a)~(d) are under the
same ion parking frequency (47.23kHz) and amplitude (250mV).
The only variable is the LINAC potential: (a) LINAC=-5V; (b)
LINAC=0V; (c) LINAC=10V; (d) LINAC=16V. (e) shows the post
ion/ion reaction spectrum without ion parking. ......................................... 205
7.4 Post ion/ion reaction spectra from [ubiquitin]7++[PFO-H]-. (a) ion
parking at 4+ charge state, with 37.9kHz, 350mV and 60ms PFO
injection, LINAC=5V; (b) ion parking at 6+ charge state, with
56.9kHz, 300mV and 30ms PFO injection, LINAC=15V........................... 206
7.5 Parallel parking of the ion/ion reaction between ubiquitin 7+ and
deprotonated sulfo-NHS acetate (SA) in mutual storage mode. (a)
0 V, (b) 2 V, (c) 4.6 V and (d) 6 V dipolar DC are applied to allow
ion parking at 6+ charge state. ................................................................. 207

xvi

LIST OF SCHEMES

Scheme .......................................................................................................... Page
1.1 Proposed fragmentation mechanism for DNA anions. Adapted with
permission from ref. 26. Copyright 1993 American Chemical
Society ....................................................................................................... 29
1.2 Proposed mechanism for base loss from a protonated
oligodeoxyribonucleotide. ........................................................................... 30
1.3 Proposed mechanism for formation of (a-B)/w-fragments from a
protonated oligodeoxyribonucleotide.......................................................... 31
1.4 Proposed dissociation mechanisms of RNA. Adapted from ref. 44,
Copyright 2005 Elsevier, Inc., with kind permission from Springer
Science and Business Media. .................................................................... 32
1.5 Proposed fragmentation scheme for c- and y-ion formation from a
deuterated RNA precursor. Reprinted from ref. 48, Copyright 2005
Elsevier, Inc., with kind permission from Springer Science and
Business Media. ......................................................................................... 33
1.6 Proposed mechanism for the EPD fragmentation pathways.
Reprinted with permission from ref. 69. Copyright 2006 American
Chemical Society. ...................................................................................... 34
3.1 Negative electron transfer reaction and other competing channels............ 91
3.2 Oligonucleotide fragmentation nomenclature and color coding. ................. 92
3.3 Proposed pathways for phosphodiester bond cleavage following
initial electron removal from the phosphodiester linkage. ........................... 93
3.4 Proposed pathways for the further decomposition of initially formed
a- and z-ions. ............................................................................................. 94
5.1 Structure and linker arm lengths of the crosslinker anions. ...................... 155

xvii
Scheme .......................................................................................................... Page
5.2 Summary of major amide bond cleavages from the 7+ ions of
ubiquitin crosslinked by [sulfo-EGS]1-. The asterisk (*) indicates
crosslinked fragment ions. The purple traces indicate that K27-K29
and K48-K63 are proved to be crosslinked by sulfo-EGS. ....................... 156
5.3 Mechanism of crosslinking between the lysine residue (labeled in
red) and the N-terminus formed via CID. ................................................. 157

xviii

ABSTRACT

Gao, Yang. Ph.D., Purdue University, December 2013. Top-down Interrogation
and Characterization of Biological Macromolecules. Major Professor: Scott
McLuckey.

Analytical mass spectrometry has been widely applied in the field of
biomolecule identification and characterization. It provides fast, accurate and
robust information relevant to the molecular mass, composition and structure of
the target analytes.
This

thesis

is

focused

on

the

top-down

analysis

of

various

macrobiomolecules, nucleic acids and proteins, in the context of ion/ion reaction
and gas-phase unimolecular dissociation. The first part of the thesis deals with
gas phase fragmentation behavior of chemically modified oligonucleotides.
Factors, such as the observation time-scale, the ion type and the energy
deposition method, are explored using a quadrupole/time-of-flight mass
spectrometer. Novel fragmentation pathway associated with negative electron
transfer dissociation has been investigated and applied to heavily modified
siRNA analogues to increase the amount of sequence information that can be
derived from the mass spectrum.

xix
The second part of this thesis discusses proximity mapping using chemical
crosslinking mass spectrometry coupled with ion/ion reaction. Crosslinkers with
various linker arm lengths have been used to probe the proximity between the
lysines on the surface of a folded protein. This approach has proved to be a rapid
way to generate low-resolution structure information with significantly small
sample quantity.
The last part of the thesis is focused on ion manipulation techniques in the
mass spectrometer to increase the sensitivity and selectivity of the ion/ion
reaction. Ion evaporation mechanism of the dipolar DC mechanism has been
studied to understand the effective high mass limitation in the dipolar DC
experiment. Efficient ion parking has been implemented in a linear ion trap with
the help of axial DC gradient.
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CHAPTER 1. INTRODUCTION

1.1

Introduction of Mass Spectrometry as a Structural Characterization

Mass spectrometry (MS) has been used for decades in structure elucidation
and characterization via the gas phase fragmentation of ions derived from
analytes of interest. The introduction of “soft” ionization methods, such as
electrospray ionization (ESI) 1 and matrix assisted laser desorption/ionization
(MALDI)2, allows the formation of intact pseudo-molecular ions ([M+nH]n+ or [MnH]n-) as surrogates for the biomolecules. For elucidation of the primary structure
of large biopolymers, fragments generated from backbone dissociation have
been used to determine the sequence or branching of residues in oligomer.
Fragmentation behavior of biomolecules such as peptides3,4,5, proteins6,7,8,
oligosaccharides9,10, and nucleic acids11,12,13,14 have been extensively studied via
tandem MS. Generally, a neutral molecule of interest is introduced into the mass
spectrometer in the form of an ion. The ions of interest are then subjected to a
tandem MS process that involves at least two stages of mass analysis. A typical
tandem MS method is composed of the following steps: (1) mass selection of the
ion of interest (parent ion); (2) energy deposition (by collision, photon, electron,
etc.) into the isolated parent ion to induce cleavages of the covalent bonds, and
(3) mass spectrometric analysis of the product ions. Gas phase fragmentation of

2
nucleic acids can be generally used in the areas of sequencing, identification of
single nucleotide polymorphisms (SNP), identification and location of modified
bases and sugar moieties, etc. The dominant dissociation pathways for a
particular ion are generally a function of the ion type (e.g., positive ion, negative
ion, radical species, etc.), the number of charges, the molecular structure, the
energy deposition method, and the fragmentation reaction time-scale. Nucleic
acids have both acidic (phosphate backbone) and basic (nucleobase)
functionalities, and can therefore be protonated (metalated) or deprotonated to
form the pseudo-molecular ions. With the evolution of tandem mass
spectrometers, biopolymer ions have been subjected to an increasingly wide
range of reaction conditions, including a variety of energy deposition methods,
reaction time-frames, and observation time windows ranging over several orders
of magnitude.
This chapter summarizes literature describing the gas phase fragmentation
of nucleic acid ions under a variety of reaction conditions. Specifically, the
phenomenology of gas phase dissociation of nucleic acid ions is determined by
ion type, charge state, the energy deposition method and the fragmentation
reaction time-scale. Various proposed mechanisms are summarized. The
chapter is organized by dissociation method. For the most extensively studied
collision-induced dissociation (CID), the literature is sub-categorized by analyte
and ion type. In many cases, no single fragmentation mechanism can account for
all the reported products. This suggests that multiple dissociation mechanisms
can contribute, depending on ion type, ion charge state and reaction conditions.
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1.2

Nomenclature of Oligonucleotide Fragment ions

In the early 1980s, Grotjahn and co-workers 15 , 16 , 17 , 18 referred to the
fragment ions generated by dissociation of the phosphodiester bond as
“sequence ions”. Two major fragment ion series were observed for the backbone
cleavages of nucleic acid ions upon FAB-MS. The fragment ions containing the
3’-terminus or 5’-terminus of the precursor ion were designated as 5’-sequence
ions or 3’-sequence ions, respectively. The detailed fragment notation scheme is
shown in Figure 1.1a. Viari et al.19 suggested an alternative nomenclature in the
year 1987, which was later extended by Nordhoff et al.20 in 1995 (see Figure
1.1b).

McLuckey et al. 21 in 1992 proposed a nomenclature scheme that is

analogous to the one widely used for peptides and proteins. This nomenclature
defines all possible cleavages from the phosphodiester backbone and has been
widely adopted by the community. The detailed nomenclature scheme is shown
in Figure 1.1c. The four possible cleavages along the phosphodiester linkage are
denoted by the lower case letters a, b, c and d for fragments that contain the 5’terminus of the precursor and w, x, y and z for fragments containing the 3’terminus of the precursor. The numerical subscripts indicate the number of ribose
units from the corresponding termini. Upper case letter B represents a base with
the subscript indicating its position in the sequence starting from the 5’-terminus.
The identity of the lost base is indicated in parentheses along with the Bn
denotation, e.g., B2(A). The use of Bn(Base), however, has largely been replaced
by the use of the base symbol with a subscript indicating location of the
nucleotide from which it was lost, e.g., A2 instead of B2(A).
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1.3

Fragmentation Methods

A variety of methods have been applied to dissociate nucleic acid ions for
the purpose of generating sequence information and for localizing modifications.
Some are based on depositing energy into the ion via collisions with a gas or
surface (ion/neutral interaction) or by some form of photodissociation
(ion/photon). Some methods involve either adding or removing an electron to or
from an ion derived from ESI to generate a radical ion.

In these cases,

fragmentation may occur directly as a result of the electronic transition or a
subsequent activation step may be used to fragment the radical ion.

The

energies and time-scales associated with these methods can vary widely. It is
beyond the scope of this chapter to describe these methods in detail. The reader
is directed to a recent overview of dissociation methods in tandem mass
spectrometry

22

.

Table 1.1 summarizes many of the methods used for

fragmenting nucleic acid ions along with the associated time-scales and
instruments often used to implement them. The remainder of the discussion
regarding nucleic acid fragmentation is organized according to ion/neutral,
ion/photon, and ion/electron(ion) interactions.

1.3.1 Ion/Neutral: CID of Nucleic Acids
CID is the most widely used dissociation method in tandem MS23. CID can
be effected over a wide range of conditions with collision energies ranging from a
few electronvolts to thousands of electronvolts, time-scales ranging from
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microseconds to seconds, and pressures ranging from sufficiently low that only
single collisions are likely to high enough that hundreds of collisions can occur.
The reader is referred to a recent review of CID of peptide and proteins for an indepth discussion of CID applied to large polyatomic ions24. For this discussion, it
is useful to point out the distinction between “beam-type CID”, which applies to
transmission instruments (e.g., triple quadrupole instruments), and “ion trap” or
“sustained off-resonance irradiation (SORI)” CID, which are implemented in
quadrupole ion trap and ion cyclotron resonance instruments, respectively. The
latter CID approaches CID employ much longer activation times and sample
processes that occur over longer time-scales than in beam-type CID. As a result,
CID in the ion trapping instruments tends to more strongly favor low energy
processes lead to less sequential fragmentation than does beam-type CID.

1.3.1.1 CID of DNA Anions
From the observations made on ion trap CID of a larger set of singlestranded DNA anions under quadrupole ion trap conditions25,26,27,28,29,30, several
tendencies for gas phase decomposition of the multiply deprotonated species
emerge:
(1)

The loss of a nucleobase is the initiate step of the fragmentation.

Depending on the precursor ion charge state, the base can be lost as an
anion or neutral. For precursor ions with low charge states, neutral base
loss is predominant. As the charge on the precursor ion increases, loss of
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charged bases becomes favored and coexists with the neutral base losses.
The order of preference for charge base loss is A- > T- > G-, C-26 or A- > G- >
T- > C-27. Neither of these orders is consistent with the order for base loss
from the 2’-deoxyribonucleoside 3’-monophosphates (dAp, dTp > dCp >
dGp) or from the corresponding 5’-monophosphates (pdA, pdT > pdC≫pdG)
31

. The different orders of stability reported can be attributed to higher

structural complexity of oligonucleotides and the Coulombic repulsion
caused by multiple charges.
(2)

Loss of the 3’-terminal base tends to be disfavored. The propensity

for base loss has also been reported to be higher for 3’-phosphorylated
mononucleotides

than

for

the

corresponding

5’-phosphorylated

species18,31,32. This phenomenon has been attributed to that the base loss is
facilitated

by

the

3’-phosphate.

Neither

3’-terminal

base

nor

5’-

phosphorylated mononucleotides have the facilitated 3’-phosphate, and
thus such base loss is not favored.
(3)

The subsequent cleavage of the 3’ C-O bond of the ribose from

which the base was lost is a dominant pathway. The dissociation of the 3’
C-O bond generally forms complementary (a-B)- and w-type fragments
regardless of the base or its charge. This fragmentation channel
outcompetes all the other possible cleavages (b/x-, c/y- or d/z-type
cleavage) along the phosphodiester linkage and therefore greatly simplifies
spectral interpretation for DNA type oligonucleotides.
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Base losses from first and second-generation fragments facilitate further
backbone cleavages and produce internal fragments. Multiple base losses
increase with increasing activation energy and increasing precursor ion charge
state. However, loss of a PO3- group from 5’-phosphorylated fragment ions, such
as w-type products ions, can compete effectively with this base loss channel.
McLuckey and Habibi-Goudarzi26 proposed a mechanism to account for the
formation of the base loss as well as (a-B)/w-fragments (Scheme 1.1). Firstly, a
nucleobase is removed by 1,2-elimination on the ribose. For highly charged ions,
loss of a nucleobase anion is preferred to relieve electrostatic repulsion. The
second step involves another “1,2-elimination reaction” (ribose ring numbering
changed due to the abstraction of the nucleobase), which cleaves the 3’ C-O
bond and forms a furan ring attached to the 5’-carbon. The second 1,2elimination step is believed to be independent of the identity of the base initially
removed and the precursor ion charge state. The formation of a stable aromatic
system (furan) is the major driving force in the formation of the secondgeneration products.
In addition to the observations made ion quadrupole ion traps, CID
behaviors of DNAs have been investigated with beam-type instruments, such as
triple quadrupoles. The results differ from somewhat from trends observed in
quadrupole ion traps. One of the most obvious differences is that no obvious
preference for loss of a specific nucleobase is observed in beam-type CID of
DNA anions 33 , 34 , 35 . Moreover, it has been reported that base loss is not a
prerequisite for backbone cleavage36. The prominent product ions from beam-
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type CID are not limited to (a-B)- and w-ions34. The differences in dissociation
pattern of DNA anions in ion trap versus beam-type instruments likely arise from
the differences in activation time-frames and precursor ion internal energies. Ion
trap collisional activation generally favors slow low-energy processes due to its
relatively long time-frame, whereas beam-type collisional activation tends to
access higher energies that make more dissociation channels competitive.
Additionally, ion trap CID uses single-frequency excitation which only affects the
precursor ions, whereas, in triple quadrupole instrument, product ions can
undergo secondary collision with the bath gas and induce further generations of
fragments. It has been reported that beam-type CID generated more extensive
sequence information than ion trap CID35.

1.3.1.2 CID of DNA Cations
Reports for gas phase fragmentation of protonated DNAs are relatively few,
presumably due to the fact that the negative mode tends to provide higher ion
yields, at least under ESI conditions. Most positive ion studies were performed
on small oligomers. Boschenok and Sheil34 investigated the fragmentation
pattern of protonated dinucleotides ([M+H]+) using beam-type collisional
activation. They observed both protonated base losses and neutral base losses,
as well as w-type ions. Vrkic et al.37 systematically examined CID patterns of all
64 protonated oligonucleotide trimers and 16 mixed-base tetramers by ESI-MSn
in a quadrupole ion trap. They found that the neutral base loss pathway is related
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to the relative proton affinity of the nucleobase. Wang et al.38 studied the CID
behavior of positively charge oligonucleotides up to 20-mer level and found that
charging levels of oligonucleotides were largely dependent on base composition.
Ni et al.39 confirmed that positive ion CID generates similar product ion types as
negative ion CID, namely (a-B)- and w-type ions. The only exception comes from
poly-T, which yields x-2H and z-2H ions exclusively. Weimann et al.40 examined
the high energy CID behavior of oligonucleotides (6- to 10-mers) on a hybrid
EBE-TOF mass spectrometer. Some differences from those reported with triple
quadrupoles were observed, presumably due to the significant variations in
collision energy and time-scale of dissociation.

The reader is referred to the

studies just mentioned for details of the respective observations.
Several groups37,

38, 39

have shown that the CID product spectra of DNA

cations qualitatively resemble the CID product spectra of the corresponding
anions, showing (a-B)/w-fragment ions. Wang and co-workers38 postulated that
the CID fragmentation mechanisms of protonated and deprotonated DNAs may
share some commonalities. However, DNA cations are believed to be, in most
cases, protonated on the nucleobases, and such protonation appears to facilitate
the cleavage of the glycosidic bond resulting in base loss and subsequent
formation of (a-B)/w-ions.
Vrkic et al.37 proposed two possible pathways for the general base loss
from a protonated DNA (Scheme 1.2). The first mechanism is similar to the one
that was proposed by Beauchamp and co-workers41, the base is lost via an E1
reaction, in which a carbocation intermediate is generated followed by loss of a
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neutral base to form the oxonium ion (Scheme 1.2a). This pathway does not
require the previously proposed 3’-phosphate facilitation in the negative ion CID,
allowing for the possibility of the 3’-base loss. The second mechanism occurs via
an intramolecular E2 reaction, in which the base is lost simultaneously with
formation of a furan double bond. 5’ or internal base loss can go through either
the E1 or E2 mechanism. The authors also proposed a mechanism for the
formation of (a-B)/w sequence ions from the [M+H-BH]+ ions (Scheme 1.2a) that
involves an ion-molecule complex undergoing either proton transfer or direct
dissociation (Scheme 1.3). The instability of the oxonium ion leads to 3’ C-O
backbone cleavage, forming an ion-molecule intermediate. This complex can
either dissociate directly to yield (a1-B1)+ or undergo intermolecular proton
transfer to form a w2+ ion. Vrkic et al. also postulated a mechanism for the
formation of the “(a3-B3)+ ion” that results from water loss from the [M+H-B3H]+
ion of the trimers. The loss of 3’-base via the E1 mechanism produces an
intermediate, which can then lose the 3’-OH as a neural water molecule. The key
concepts for the ion trap CID fragmentation mechanisms are summarized as
follows: (1) the mechanisms are charged directed; (2) two complementary
fragment ions (a-B) and w are competing for the charge via an ion-molecule
complex intermediate, and (3) The “mobile proton model”42,43, in which a labile
proton is able to relocate from one potential cleavage site to another to effect
fragmentation, may also be applied in explaining the fragmentation of protonated
oligonucleotides.
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1.3.1.3 CID of RNA Anions
Compared to DNA fragmentation, relatively few observations have been
made on the dissociation of RNA, most of which were made in the past decade.
The most distinct dissociation pathway of RNA involves backbone fragmentation
characterized by the formation of abundant c-ions and their complementary yions as the major sequence informative series. Another difference from DNA is
that backbone dissociation of RNA is not correlated with base loss. Later
findings44 have established the importance of the 2’-hydroxyl substituent as the
structural key element in the fragmentation mechanism of RNA. As opposed to
DNA, which preferentially dissociates into (a-B)/w-type ions, the presence of the
2’-hydoxyl group of RNA results in formation of predominant c/y-type ions. They
suggested that the electron-withdrawing 2’-substituent induces a stablizing effect
on the N-glycosidic bond by impeding the formation of the carbocation at the 1’position45, and therefore makes nucleobase loss less prominent. Moreover, the
availability of a proton in the vicinity of the phosphate group is necessary for the
RNA-typical backbone cleavage.
The proposed fragmentation mechanism is described in Scheme 1.4.
Backbone fragmentation is initiated by forming an intramolecular cyclic
intermediate with 2’-hydroxyl proton bridged to the 3’-phosphate oxygen. The 2’hydroxyl proton is abstracted from the oxygen and facilitates the cleavage of the
5’ P-O bond, yielding c/y-type fragments. The formation of a 3’-metaphosphoricacid ester group following subsequent bond rearrangement stabilizes the c-
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fragment. The complementary y1-fragment is released as a neutral molecule, and
thus will not be detected.

1.3.1.4 CID of RNA Cations
Kirpekar and Krogh 46 have studied the fragmentation behavior of short,
singly protonated oligoribonucleotides generated by with Q-TOF instrument to
locate post-transcriptional modifications of RNA molecules. Complex MS/MS
spectra were generally observed, showing nearly all types of cleavages along the
phosphodiester backbone and of the N-glycosidic bonds (and combinations of
these) at different relative abundances. The most prevalent backbone fragment
ions were found to be c- and y-ions, whereas the least prevalent ions were b/xions. Loss of neutral cytosine and guanine required low-energy deposition and
therefore were preferred, whereas neutral loss of adenine was less prevalent.
Loss of uracil, either as a neutral or cation, was never observed. By varying the
collision energy, ions arising from loss of neutral GH and CH, and of y-sequence
ions are typically the first fragments to appear. This fragmentation behavior is
distinct from the that of singly protonated DNAs, where loss of a nucleobase is
the key initiating step followed by predominant cleavage of the 3' C-O bond,
resulting in (a-B)/w-fragments. As suggested by Tang et al. 47 , the 2’-hydroxyl
stablizes the N-glycosidic bond in RNA, making it less susceptible to cleavage
upon protonation of the nucleobase. As a result, the energies required to
generate MH+-GH, MH+-CH in RNA cations are elevated to the similar level as
the c/y-formation channel.
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For elucidation of the gas phase unimolecular dissociation behavior of RNA
and DNA cations, Andersen et al.48 performed hydrogen/deuterium exchange on
a series of RNA and DNA tetranucleotides and studied their fragmentation
patterns on a MALDI TOF-TOF instrument. They observed the loss of a neutral
nucleobase as a fully deuterated species for all RNA tetramers, which is
consistent with the DNA result reported by Gross et al.49 They have also found
that all y-ions and all c2- and c3-ions of the RNA tetramers analyzed are observed
as fully deuterated species. Therefore, no carbon-bound hydrogens are
transferred to mobile sites in the cleavage reaction. Moreover, nucleobase loss
or other hydrogen mobilizing reactions generally do not precede cleavage of the
5’ P-O bond. Initial loss of a nucleobase would have induced peak splitting of the
c/y-ion fragments due to intramolecular H/D exchange before 5’ P-O cleavage. In
addition to the significant difference in fragmentation pathways between RNA
and DNA (c/y-fragment vs. (a-B)/w-fragments), water loss from the precursor ion
is only observed for RNA ions, implying that this water is lost from or by the
interaction of 2’-OH. Water loss was not observed in the fragmentation of the 2’O-methylated UAUC tetramer, further indicating the involvement of 2’-OH in the
reaction. Tandem mass spectrometry of the ribonucleosides shows no evidence
of water loss, and suggests that the presence of 2’-OH alone is not sufficient to
induce the loss of water. Other reactive groups present in RNA, most likely
phosphate, are required in the reaction as well.
Andersen et al.48 have proposed a common RNA-specific mechanism to
explain the water loss as well as 5’ P-O cleavage (Scheme 1.4). This mechanism
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involves an intramolecular nucleophilic attack on the phosphorus atom by the
adjoining 2’-OH to yield a phosphorane transition state. The phosphorane
transition state is well-documented in the mechanism of RNase 50 . In the gas
phase, the deuteron abstracted from the 2’-OD presumably delocalizes between
the oxygens of the phosphorane. Two reaction (1 and 2) pathways could occur
depending on which oxygen acts as the leaving group: (1) The delocalized
deuteron leaves with the –OD group leading to neutral loss of D2O and formation
of an internal 2’-3’-cyclic phosphate (reaction 1 in Scheme 1.4); (2) 5’ P-O
cleavage and formation of a y-fragment and a c-fragment with a 3’-terminal 2’-3’
cyclic phosphate (reaction 2). The mechanism of Scheme 1.4 agrees well with
the detecion of all deuterated c- and y-ions from the deuterated precursor, and
also accounts for the neutral loss of water observed only for the RNA precursors.
Furthermore, this mechanism explains why the water loss from deuterated RNA
is a loss of D2O and not HDO, which would otherwise be expected from a simple
dehydration reaction.

1.3.2 Ion/Photon Interactions: Photodissociation of Nucleic Acids

1.3.2.1 Infrared Multiphoton Dissociation
Infrared multiphoton dissociation (IRMPD) 51 , 52 involves multiple photon
absorption over a relatively long time-frame to induce fragmentation via
vibrational excitation. Since low energy CID and IRMPD both give rise
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predominantly to vibrational excitation, they are likely to lead to similar
fragmentation mechanisms. The typical IRMPD experiment is implemented with
a continuous wave CO2 laser (10.6 µm) in an ICR cell53. The precursor ions are
isolated and slowly heated to their dissociation threshold. The irradiation time
required for fragmentation to occur is dependent upon the ion structure. IRMPD
is well-suited to the FT-ICR mass analyzer because it eliminates the need to
introduce a collision gas for CID so that there is no pump-down delay,
degradation of the high vacuum or subsequent deterioration in analyzer
performance. However, IRMPD can also be implemented in quadrupole ion
traps 54 , 55 .

A variation of the IRMPD experiment is BIRD, which relies on

blackbody radiation as the energy source, which has been far less used in the
characterization of oligonucleotide ions.
IRMPD has been widely used in the identification and characterization of
nucleic acid ions. McLafferty and co-workers56,57 applied IRMPD to various DNA
and RNA ions ranging in size from 8-mer to 108-mer. Complete sequence
information of a 50-mer DNA was achieved56. They determined that
oligonucleotides are more susceptible to infrared irradiation than peptides or
proteins, which was later proved to be due to the strong absorption at 10.6 µm
(the typical wavelength used) by backbone phosphate groups 58 , 59 . Later,
Hofstadler et al.60 demonstrated the use of a peptide as a stable internal mass
standard to obtain accurate mass measurements of IRMPD generated
phosphorothioate oligonucleotide fragment ions by manipulating the duration and
power of the IRMPD event. Sannes-Lowery and Hofstadler 61 examined the
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fragmentation behavior of modified oligonucleotides (2’-O-methoxylethyl ribose,
phosphorothioate) using IRMPD in an external ion reservoir of an ESI-FT-ICR
mass spectrometer. Keller and Brodbelt 62 have compared CID and IRMPD of
oligonucleotide cations and anions in a quadrupole ion trap. Yang and
Håkansson

63

demonstrated the use of double resonance experiments to

interrogate the IRMPD fragmentation mechanism of DNAs. Their results
indicated that IRMPD of the relatively low charge state ions examined proceeds
through the zwitterionic intermediate mechanism proposed by Gross and coworkers

64

Parr and Brodbelt 65 demonstrated that IRMPD can significantly

promote the fragmentation of thymine-rich oligodeoxyribonucleotides. Gardner et
al. 66 performed IRMPD on protonated and deprotonated single-stranded small
interfering RNA as well as duplexes and compared the IRMPD result with the
result from CID in a quadrupole ion trap. Generally, IRMPD of various
oligonucleotides (DNA, RNA, modified oligonucleotides) shows significant
resemblance to the respective CID results.
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1.3.2.2 UltraViolet Photodissociation
UVPD at 193nm

67 , 68

and electron photodetachment dissociation 69 , 70 at

260nm, have been applied to multiply charged oligonucleotide anions. McLafferty
and co-workers71 demonstrated for the first time that 193nm photon irradiation
can fragment multiply charged dT30 via electron photodetachment and formation
of d/w-and a/z-ions (which were initially interpreted as w- and a-ions since they
have the same masses as d-and z-ions in the sequence dT30). Gabelica et al.69,70
examined the electron photodetachment of single-stranded oligonucleotide
anions and duplexes at 250-285nm. They found that laser irradiation at 260nm
results in minimal fragmentation of the DNA anion; generating predominant
charge-reduced radical anions. CID of the charge-reduced radical anions arising
from the irradiation produced complementary a/w- and d/z-fragment ions. Smith
and Brodbelt68 explored UVPD of a series of modified oligonucleotides (6- to 20mer) at 193nm, and observed all types of backbone fragments and internal
fragments. EPD also resulted in abundant sequence ions in terms of a/(a-B)/wand d/z-products. Generally, UVPD and EPD are almost identical in
fragmentation pathways. The only difference between the two is that EPD uses
lower irradiation photon energy and requires further collision activation to
fragment the radical species generated via the electron photodetachment
process.
To understand the photodetachment mechanism, Gabelica and coworkers69 have investigated the electron detachment efficiency as a function of
irradiation wavelength and found that maximum effect is observed between
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260nm and 275nm. The 260nm irradiation mainly gives rise to electron
detachment with very low abundance of backbone fragments. They also
suggested that electron detachment efficiency of DNA duplexes is correlated with
their G/C composition, with higher electron detachment efficiency of G/C-rich
duplexes. This phenomenon is attributed to the low ionization potential (IP) of
guanine 72 . With further CID on the charge-reduced radical anions, nearly
complete a/w- and d/z-ion series were observed. In contrast to fragment ions
produced by CID of normal DNA anions, a- and z-ions are suggested to be
radicals, which is consistent with the fragment ions observed in the EDD
experiment 73 . A mechanism was proposed for the fragmentation pathway
observed in EPD (Scheme 1.6). The guanine base absorbs the UV photon
energy due to its low oxidation potential and leads to electron detachment from
the base. Then the radical delocalizes to the phosphodiester backbone and
facilitates the cleavage of the 3’ C-O and 5’ C-O bonds.

1.4

Conclusions

With the development of mass spectrometry instrumentation and ionization
methods, the fragmentation of gaseous nucleic acid ions of both polarities has
been investigated with a variety of energy deposition methods and over a wide
range of reaction time-frames. Observations made by many laboratories over
several

decades

have

been

broadly

self-consistent.

However,

some

inconsistencies in the literature have been noted, which may arise from
differences in instrument platforms, different discrimination effects, and variations
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in conditions. For instance, different base loss trends (orders) have been
reported for what nominally appear to be similar conditions. Moreover, distinct
correlations between electron photodetachment efficiency and nucleobase
identity have been reported.
As a tool for the sequencing of oligonucleotides and characterization of
modifications, tandem MS has become particularly powerful for small oligomers.
Its utility is derived from the ability to generate a variety of ion types, access a
wide variety of dissociation conditions, and yield high mass accuracy product
analysis

74 , 75

.

Mass spectrometry is not competitive with conventional

sequencing techniques for high throughput sequencing applications. However, it
is uniquely suited to the characterization of modified oligmers76. These include
modified bases, for which there are many in RNA, and modified backbones,
which are being explored for therapeutic applications, for example. In terms of
the length of oligomers that can be sequenced (i.e., the ‘read length’), tandem
MS is largely limited to oligomers with a common backbone smaller than a few
tens of residues.

In a few exceptional cases, high sequence coverages for

species greater than about 30 nucleotides have been reported using CID77. This
performance, however, is hardly routine. Current technology is able to support
‘bottom-up” scenarios that employ RNases, for example, to generate oligomers
small enough for characterization by CID78. The relatively recent introduction of
techniques to generate radical ions, however, has enabled the sequencing of
mixed backbone oligomers of the size of typical siRNAs and relatively high
sequence coverage for natural RNA molecules as large as tRNA 79,80 . These
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constitute “top-down” applications. Several factors contribute to limiting the size
of oligonucleotides amenable to top-down structural characterization.

Among

these is the fragmentation chemistry. The introduction of hybrid techniques (e.g.,
EPD followed by CID) that combine the generation of a new ion type with another
structural probe have opened up new possibilities for increasing sequence
coverage in oligonucleotide analysis.
promising

for

improving

the

Such hybrid approaches appear to be

state-of-the-art

in

the

primary

structural

characterization of oligonucleotides by tandem mass spectrometry and will likely
see further exploration/development in the coming years.
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Scheme 1.4 Proposed dissociation mechanisms of RNA. Adapted from ref. 44,
Copyright 2005 Elsevier, Inc., with kind permission from Springer Science and
Business Media.
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Scheme 1.5 Proposed fragmentation scheme for c- and y-ion formation from a
deuterated RNA precursor. Reprinted from ref. 48, Copyright 2005 Elsevier, Inc.,
with kind permission from Springer Science and Business Media.
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Scheme 1.6 Proposed mechanism for the EPD fragmentation pathways.
Reprinted with permission from ref. 69. Copyright 2006 American Chemical
Society.
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Figure 1.1 Nucleic acid fragment ion nomenclature proposed (a) by Cerny et al.17
(b) by Nordhoff et al.20, and (c) by McLuckey et al.21.
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Table 1.1 Summary of methods used to dissociate nucleic acid ions.
abbreviations for definitions of the acronyms.
Interaction
Ion/neutral
Beam-type CID
Ion trap CID
SORI/CID
Nozzle-skimmer
CID
SID (ion/surface
Ion/photon
BIRD
IRMPD
UVPD
EPD

Ion/electron
ECD

Expt’l timescale

Main result

See

Common instruments

<100 μs

Fragmentation

10-100s ms
10-100s ms
<100 μs

Fragmentation
Fragmentation
Fragmentation

ns

Fragmentation

Specialized QQQ, QTOF

100 ms-s
10-100s ms
ns

Fragmentation
Fragmentation
Fragmentation

ns

Electron
detachment
from anion

FT-ICR
FT-ICR, ion traps
Traps, ICR, TOF/TOF,
et al.
Traps, ICR, TOF/TOF,
et al.

10-100s ms

e- capture by
cation/fragment
ation
e- capture by
anion/fragmenta
tion
e- detachment
from
anion/fragmenta
tion

niECD

10-100s ms

EDD

10-100s ms

QQQ, Q-TOF,
TOF/TOF, et al.
3D, linear ion traps
FT-ICR
ESI interface

FT-ICR

FT-ICR

FT-ICR
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Table 1.1, Continued
Interaction

Expt’l timescale

Ion/ion
ETD

10-100s ms

NETD

10-100s ms

Main result

e- transfer to
cation/fragment
ation
e- transfer from
anion/fragmenta
tion

Common instruments

Ion traps

Ion traps
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CHAPTER 2. COLLISION-INDUCED DISSOCIATION OF OLIGONUCLEOTIDE
ANIONS FULLY MODIFIED AT THE 2’-POSITION OF THE RIBOSE: 2’-F/-H
AND 2’-F/-H-OME MIXMERS

2.1

Introduction

RNA interference (RNAi) is a regulatory mechanism that uses small doublestranded RNA (dsRNA) molecules, such as small interfering RNAs (siRNA) and
micro-RNA (miRNA), to lead to homology-dependent degradation of the target
mRNAs. 1 , 2 , 3 By delivering the siRNA effector to the cell, the RNA-induced
silencing complex (RISC) can be “triggered” in the cell, which results in potent
and specific silencing of the targeted mRNA. 4 Therefore, controlling diseaseassociated genes via RNAi has potential utility for future therapeutics for cancer,
immune system diseases, genetic disorders, and viral infections.2,5 For instance,
a 21-mer dsRNA targeting the M-BCR/ABL fusion site was used to kill leukemia
cells by depleting the corresponding mRNA and the M-BCR/ABL oncoprotein.6 In
vivo RNAi efficacy was first demonstrated by hydrodynamic co-delivery of a
hepatitis B replicon and a pol III expression unit encoding an anti-hepatitis B virus
(HBV) shRNA in mice.2,7 Moreover, the feasibility of delivering siRNAs and viral
vectors expressing siRNAs to affected regions of the brain makes RNAi
potentially useful for treatment of degenerative, neurological diseases.8
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Exogenous unmodified oligoribonucleotides are limited in therapeutic
applications, however, by their inherent susceptibility to rapid degradation by
nucleases. 9 , 10 The introduced siRNA can also bring about immune system
responses,11 which raises safety concerns for the therapeutic use of RNAi. To
enhance the performance of dsRNA-mediated gene silencing, various chemical
strategies to improve oligoribonucleotide stability have been explored, including
modifications of the pentose and the heterocyclic base, as well as modification or
replacement of the internucleotide phosphodiester linkage. Chiu et al. have
reported that the hydroxyl group of the 2’-carbon of the pentose is not required
for siRNA to enter the RNAi pathway and that chemical modification of the 2’position can enhance the persistence of ribonucleotides both in vitro and in
vivo. 12 Moreover, an in vivo model using 2’-F, 2’-O-methyl (2’-OMe) and 2’-H
backbone modified siRNA against HBV has demonstrated that the siRNAmediated immune induction can be avoided while maintaining silencing activity.13
These studies point to strategies for improving the stability and utility of siRNAs
for future in vivo therapeutic applications.12
For the purpose of therapeutic applications and regulatory filing, the
structural characterization of modified siRNA and/or their metabolites is required.
The most commonly employed methods for identification of siRNAs are through
cloning and sequencing; new methods such as microarray and reverse
transcription

polymerase

chain

reaction

(RT-PCR)

have

also

been

demonstrated.14 Given the fact that the aforementioned methods detect only the
sequence information of the nucleobases on the backbone, modification
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information associated with the sugar or backbone is not provided. Thus, it is
desirable to establish an approach that is capable of providing both primary
nucleobase sequence information as well as the identification and localization of
chemical modifications anywhere on the siRNA molecules. 15 Mass spectrometry
is a promising candidate for this application.
Analysis of enzymatically digested modified oligonucleotides by tandem
mass spectrometry has successfully determined primary structures and
modifications.16 However, the 2’-position modification makes it difficult to confirm
the RNA sequences by the currently employed enzymatic digestion assays due
to the high resistance it affords against RNases. Therefore, a more efficient way
to identify, characterize and sequence oligonucleotides with modifications is
needed. One alternative method is to derive structural information by fragmenting
the analyte ions in the gas phase as part of a tandem mass spectrometry
experiment. This method requires a sufficient understanding of fragmentation
patterns for the modified oligonucleotides. CID behavior of intact unmodified
duplex and single-stranded siRNA anions has been studied, with complete
sequence coverage of c/y ions.15,17 A recent study has demonstrated the beamtype CID behavior of fully modified (i.e., a methoxyl group was substituted at the
2’-position of each ribose) and platinated RNA oligomer anions and proposed
possible fragmentation mechanisms.18 In this work, we expand observations of
the dissociation behaviors of modified RNA species by applying ion trap and
beam-type CID to anions of oligomers fully-modified at the 2’-position with a
mixture of different modifications (i.e., mix-mers). Of particular interest here is
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the scenario in which all residues are modified at the 2’-position with mixtures of
2’-OMe and/or 2’-F and 2’-H (i.e., DNA residues).

Such mixtures are of

relevance due to their greater resistance to enzymatic degradation relative to
unmodified RNA sequences.

2.2

Experimental Section

2.2.1 Materials
Methanol, isopropanol and glacial acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ, USA). Piperidine and imidazole were obtained
from Sigma-Aldrich (St. Louis, MO). All oligomers, including the RNA 6-mer 5’rArCrCrGrArG-3’, 2’-OMe fully modified 6-mer 5’-mAmCmCmGmAmG-3’, 2’-(F,
H) mix-mer 5’-fAdAdCfCdCfCdGfGdAfAdGfG-3’, 2’-(F, H, OMe) mix-mer 5’dAmCdGdTdCdfCdGmAdTdG-3’ and the DNA 6-mer 5’-dAdCdCdGdAdG-3’,
were custom synthesized by Integrated DNA Technologies (Coraville, IA, USA).
For the sake of clarity with respect to the nature of the substitution of the 2’position of the ribose, “r” in the sequence indicates ribonucleotide, “m” represents
the 2’-OMe modification, “f” stands for the 2’-fluoro modification, and “d” indicates
a deoxyribonucleotide. The sequence was designed to minimize the occurrence
of similar or identical masses from different fragment ions. The oligomer samples
were used without further purification. Oligonucleotide solutions for negative
nano-electrospray (nanoESI) were prepared to ca. 50 μM in 20: 80 (vol:vol)

42
isopropanol: DEPC-treated water with the addition of 25mM piperidine and 25mM
imidazole.

2.2.2 Apparatus and Procedures
All MS/MS experiments were performed using a prototype version of a
QqTOF tandem mass spectrometer (QSTAR, AB Sciex, Concord, ON, Canada)
modified to allow for ion/ion reaction studies.19 A home-built pulsed dual nanoESI
source was coupled directly to the nanospray interface to produce ions of both
polarities.

20

The multiply charged oligonucleotide anions, [M-nH]n-, were

generated directly via a nanoESI emitter. Nitrogen was used as the curtain gas
and as the target gas for CID. To perform ion trap CID, the precursor ions were
isolated by Q1 operated in the RF/DC (or resolving) mode and then injected into
q2 at a relatively low kinetic energy. Then, a dipolar RF signal with frequency in
resonance with the fundamental secular frequency of the precursor ion was
applied to one pair of rods of q2 to induce ion trap collisional activation. The
fragment ions were cooled in q2 and then subjected to mass analysis by time-offlight (TOF). The beam-type CID was performed by increasing the potential
difference between the q0 and q2 rod offsets, thereby increasing the kinetic
energies of the precursor ion injected into q2.
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2.3

Results and Discussions

2.3.1 CID of 6-mer Anions with Uniform Substitution at the 2’-Position
In order to evaluate the competition between cleavages along an
oligonucleotide backbone with mixtures of substituents at the various 2’-positions,
it is instructive to consider the distinct behaviors of oligonucleotides with a
common substitution at the 2’-position. The natural substituents are, of course,
2’-OH (RNA) and 2’-H (DNA). A number of other substitutions, such as 2’-F and
2’-OMe, have also been made in the development of RNAi therapeutics. The 2’OMe modification on the pentose ring, for example, stabilizes the oligonucleotide
against degradation by nucleases. 21 Thus, this modification has been applied
widely in the study of oligonucleotide based antisense or RNAi therapeutics. The
chemical characteristics of 2’-OMe oligomers in the solution phase have been
well characterized

12

, and the gas phase properties of ions derived from modified

oligomers, such as gas phase stabilities and unimolecular dissociation
chemistries, have been studied under a limited range of conditions

18,22

.

Data

were collected here for DNA, RNA, and 2’-OMe versions of the same sequence.
These comparisons are useful in interpreting the behavior of oligomers with
mixtures of substituents at the various 2’-positions of the riboses.

The

fragmentation of multiply deprotonated DNA and RNA in the gas phase has been
investigated in previous studies.15,23,24,25,26,27 For the fragmentation of gaseous
DNA/RNA, four possible cleavage sites on the phosphodiester backbone could
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give rise to four types of characteristic ion pairs, namely a/w-ions, b/x-ions, c/yions, and d/z-ions.17 In the case of the DNA oligomer, the cleavage of an Nglycosidic bond leads to the loss of a nucleobase either as a neutral species (BH)
or as an anion (B-) as the favored first step of fragmentation. Subsequently,
cleavage at the 3’ C-O bond of the sugar from which the base was lost gives rise
to complementary (a-B)/w-ions, as is illustrated in Figure 2.1a. On the other hand,
for RNA oligomers, c/y-ions from 5’ P-O bond cleavages are more often
observed in the CID spectrum (Figure 2.1b). However, when the 2’-position is
substituted by a methoxyl group, all types of fragments with nearly full sequence
coverage in each channel were present (Figure 2.1c). No preferential
dissociation pathway was observed, as was also noted in the beam-type CID of
modified triply deprotonated anions of mCmCmGmGmUmU.18 Although base
loss was noted to be a prominent process, it was not as dominant as for the ion
trap CID of the same charge state of the DNA version of this sequence. The
comparison of the three spectra of Figure 2.1 reflects the competition between
the various possible bonds along the phosphodiester linkage when all the 2’substitutions are the same and clearly shows the dramatic differences in
fragmentation behavior of oligonucleotide anions depending upon the nature of
the substitution on the 2’-position of the sugar ring.
In order to rationalize the unique fragmentation pattern of the 2’-OMe
modified oligomers, it is instructive to refer to the fragmentation mechanisms
already examined for unmodified DNA and RNA28,29. It has been shown that a
facile mechanism for c/y-ion formation is present with the 2’-OH substitution of
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RNA that is absent with DNA30,31,32. This channel can be favored over formation
of (a-B)/w-ions at low ion activation energies, so that the product ion spectrum is
dominated by c- and y-ions26. The 2’-OMe substitution blocks this facile 5’ P-O
bond dissociation mechanism. While this does not preclude cleavage of the 5’ PO bond, it apparently makes it less energetically favored such that cleavages at
other sites along the phosphodiester linkage can compete. However, the 2’-OMe
substitution must also affect the base lose channel. Base loss followed by (a-B)and w-ion formation is the dominant channel in DNA anions and is the next most
energetically favorable process in RNA anions26.

In the case of DNA, for

example, at the threshold for anion dissociation, only base loss is observed24.
The (a-B)- and w-ions that arise from consecutive cleavage following base loss
are observed as the activation energy is increased further. In the case of RNA
anions, the c/y-ions, and some base loss fragments, are noted at the onset of
dissociation with (a-B)- and w-ions appearing as the activation energy is further
increased. In the case of the anions of the 2’-OMe substituted 6-mer, fragments
from all dissociation channels were observed at the onset of dissociation and
their relative abundances were insensitive to activation amplitude using dipolar
resonance excitation ion trap collisional activation (Figure 2.2). This set of
observations is consistent with the 2’-OMe substitution inhibiting c/y-ion formation,
which has been noted previously30, and facile base loss, which has not been
noted previously, such that formation of b/x- and d/z-ions can compete. However,
it is also possible that the 2’-OMe somehow facilitates formation of b/x- and d/zions. The mix-mer data discussed below clarifies the situation.
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Ion trap CID data were also collected for the [M-3H]3- and [M-4H]4- anions of
mAmCmCmGmAmG. The competition between the neutral and charged base
loss has been observed to be correlated with charge state for DNA anions23,24,26
and similar behavior was noted with the 2’-OMe modified anions. The ion trap
CID of the doubly deprotonated precursor ion led primarily to neutral base losses
(Figure 2.1c). Both neutral and charged base losses were observed from the CID
of the triply deprotonated precursor ions (Figure 2.3a) whereas exclusive loss of
the deprotonated base was found in the CID product spectrum of 4- charged
precursor ions (Figure 2.3b). Aside from base loss, variations in the relative
abundances of all other fragment ions were observed as a function of charge
state. No single channel was observed to be dominant for all investigated charge
states. For instance, the complementary a5--B/w1- ions were dominant for the [M3H]3- charge state but were barely seen in the other two charge states. For this
limited set of observations, a tendency for increased contributions from
fragmentation in the middle of the anion was noted as the precursor ion charge
state increased. Overall, the most extensive sequence information was obtained
from the doubly charged anion.
Beam-type CID data were also collected for the [M-2H]2-, [M-3H]3-, and [M4H]4- charge states of the mAmCmCmGmAmG oligomer (see Figure 2.4) to
provide compare the quantity and quality of structural information derived from
the slow heating ion trap CID approach to the faster beam-type activation
approach. Conventional resonance excitation ion trap collisional activation using
helium as the bath gas tends to favor the observation first generation products
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due to the fact that first generation product ions, once formed, are not subject to
acceleration and can be cooled by collisions with the light bath gas. Exceptional
cases, such as the facile formation of (a-B)- and w-type ions after base loss,
occur when the first generation product is less stable kinetically than the
precursor ion (i.e., when there is a very facile fragmentation mechanism from the
first generation product that becomes available only after the initial fragmentation
step). Furthermore, dissociation rates in ion trap experiments33 tend to be on the
order of 102-103 s-1 while those for beam-type experiments are generally greater
than 104 s-1.

Hence, the precursor ions in beam-type CID experiments are

generally excited to higher energies than in ion trap experiments in order to
generate product ions on the time-scale of ion passage through the instrument.
Furthermore, first generation products are formed at the same velocity as the
precursor ion and can therefore undergo further activating collisions with the
nitrogen target gas. Both effects can lead to the observation of dissociation
reactions with greater energy requirements than those noted in ion trap
experiments and to the observation of sequential fragmentation. For the present
comparison, the collision energies and target pressure in the beam-type
experiments were chosen to lead to a roughly 80% diminution of the precursor
ion signal, which is comparable to that for the ion trap experiments.

Note,

however, that the dissociation rates for the two approaches are significantly
different due to the different experimental time-scales (i.e., tens of microseconds
versus tens of milliseconds). Products solely arising from the loss of a single
nucleobase were largely absent in the beam-type CID experiments, presumably
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due to extensive sequential fragmentation. The appearance of (a-B)-ions is
consistent with this interpretation.

Internal fragments, which also arise from

sequential cleavages, were prevalent in the product spectra. The internal
fragments increased in relative abundance as the collision energy was increased,
while the abundances of first generation products, such as y2-, c2-, x2-, etc.,
decreased (data not shown), presumably due to sequential decomposition.
Overall, a greater variety of fragments were generated by beam type CID,
particularly for the higher (more negative) charge states, compared to ion trap
CID, but this increase was largely due to sequential decomposition. However,
evidence for contributions from relatively higher energy cleavages is apparent
from the appearance of several a-type ions, which must be formed without prior
loss of a base. Much less evidence for a-type ions was noted in the ion trap CID
experiments. Overall, however, the beam-type CID conditions used here did not
provide significantly more structurally diagnostic product ions for the fully
modified 6-mer than ion trap CID but did produce many more sequential
dissociation products that are difficult to interpret and can possibly complicate de
novo sequencing.
The dissociation mechanism was further investigated by MS3 experiments,
fragmenting the neutral base loss species, i.e. [M-AH]2-. Although w1- and a5--A
ions, which are generated from the subsequent cleavage of the 3’ C-O bond of
adenosine, were observed in the product spectrum of the base loss species from
the 2’-OMe RNA 6-mer (Figure 2.5a), the other fragmentation pathways also had
comparable intensities. The secondary bond cleavages from the [M-3H-A]2- ions
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also generated fragment ions observed in the MS/MS spectra (a/w, b/x, c/y, d/z)
and extensive [fragment-A] ions, such as b2-A, z2-A, x2-A, etc. This data was
compared to the ion trap CID of the base loss species from unmodified DNA 6mer (Figure 2.5b). The CID of the unmodified DNA resulted in almost
predominately (a5--A)/w1- fragments. These MS3 experiments support the
conclusion that the 2’-O-methyl modification hindered the favored fragmentation
pathway which generates a-B/w fragments. Additionally, the fragment-A ions,
which were not present in the CID spectra of the deprotonated oligonucleotides,
demonstrated the high gas phase stability of the base loss species. Beam type
CID of the base loss species was performed on the QSTAR by bidirectional ion
transfer.34 The different extents of fragmentation at the same activation energy
(200eV for [2’-OMe RNA –mer -3H-A]2- vs. 200eV for [DNA 6-mer -3H-A]2-)
confirmed the relatively high gas phase stability of the base loss species of the
2’-OMe RNA 6-mer (Figure 2.6).

2.3.2 CID of 6-mer Cations with Uniform Substitution at the 2’-Position
In order to get a whole picture of the CID behavior of the 2’-O-methyl
modified RNA oligomer, ion trap CID was performed in the positive polarity
(Figure 2.7) in comparison with the negative polarity. The most significant
difference observed in the positive spectra was that the base loss peaks were
much more abundant in the positive ion trap CID spectra. Additionally, fragment
peaks resulting from the loss of two or three bases were found to be very
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abundant. Apparently, the base loss channel is more favorable in the positive
mode and the species which lose one or more bases are fairly stable in the gas
phase, given the fact that the intensity of fragments other than base losses was
low. The product ions from secondary bond cleavage were also observed (y4-G,
d4-A), indicating that direct backbone cleavage channels are competitive with the
subsequent 3’ C-O bond cleavages which generate a-B/w ions.
In addition to fragmentation patterns, several phenomena were also noted
for oligonucleotide mass spectrometry in positive polarity. Firstly, it is relatively
more difficult to ionize oligonucleotide in the positive polarity as opposed to the
negative mode, largely due to the relatively lower basicity of the nucleobase and
high acidity of the phosphodiester linkage. Secondly, the ESI spectra of
oligonucleotide cations tend to be more adducted with metal ions (Na+, K+).
Thirdly, the stability of the ESI in the positive polarity is much lower than that in
the negative mode, the relative spray time is much shorter.

2.3.3 CID of 2’-(F,H) and 2’-(F,H,OMe) Mix-mer Anions
Many chemically synthesized oligoribonucleotides of therapeutic interest are
chimeras

with

different

2’-position

modified

monomers.

The

structural

characterization of such species is therefore complicated by the competition
among various cleavage sites for residues with different modification states at the
2’-carbon.

The potential dimensionality (e.g., ion polarity, charge state,

dissociation conditions, oligomer composition) associated with the exploration of
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the tandem mass spectrometry for the structural characterization of such species
is very large and therefore mandates the selection of a subset of studies. A
number of studies have been described that have involved mix-mers of one kind
or another and in various contexts.18,22,30,31,35,36 In this work, we employ ion trap
CID and beam-type CID of relatively low charge state anions of a few model
“mix-mer’ species. Specifically, we have examined anions of the 2’-(F, H) mixmer 5’-fAdAdCfCdCfCdGfGdAfAdGfG-3’ and the 2’-(F, H, OMe) mix-mer 5’dAmCdGdTdCdfCdGmAdTdG-3’ due to the lack of mix-mer data involving DNA
residues interspersed with the common 2’-F and 2’-OMe substitutions. Figure 2.8
shows the ion trap CID product ion spectra of the [M-4H]4- (Figure 2.8a) and [M6H]6- (Figure 2.8b) ions of the 2’-(F, H) mix-mer. Cleavages of the 3’ C-O bonds
of the DNA nucleotides following base losses were the dominant dissociation
channel generating a-B/w-ions. There were also some peaks with m/z ratios
corresponding to the y- and d-ions. However, no fragments from dissociation at
the 3’-side of the 2’-F modified nucleotides were observed. As the charge state
increased, more y-ions were observed, but no 3’-side dissociation of the 2’-F
modified nucleotides was noted. The fact that both 2’-F and DNA residues were
present in the same molecule clearly shows that the 2’-modification inhibits
dissociation from the 3’-side of the phosphodiester linkage. The fact that all of
the sequence related ions are consistent with cleavages at the 3’-sides of the
DNA residues strongly suggests that base loss predominantly takes place from
the DNA sugars. Like the 2’-OMe substitution, the 2’-F substitution does not allow
for the facile formation of c/y-ions noted for RNA anions.

Likewise, this
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substitution apparently also inhibits the facile base loss followed by (a-B)/w-ion
formation process widely noted for DNA anions.
Figure 2.9 shows the ion trap CID product ion spectra of the [M-3H]3-, [M4H]4-,

and

[M-5H]5-

ions

of

the

2’-(F,

H,

OMe)

mix-mer

5’-

dAmCdGdTdCdfCdGmAdTdG-3’. Similar to the fragmentation pathways of the
2’-(F, H) mix-mer anions, no backbone bond cleavages from the 3’-sides of either
the 2’-F or 2’-OMe nucleotides were observed. The a-B/w-ions corresponding to
the dissociation of 3’ C-O bond following the base losses were dominant
sequence fragments. This mix-mer suggests that both 2’-F and 2’-OMe
substitutions have similar effects on oligomer dissociation in that they inhibit c/yion formation relative to RNA oligomers and (a-B)/w-ion formation relative to DNA
oligomers.

The backbone cleavages of the modified oligomer ions were not

sensitive to precursor ion charge state with the notable exception of dissociation
at the 3’-side of thymidine. In the lower charge state (3-), there was no evidence
for cleavage between the thymidine and cytidine residues or between the
thymidine and guanosine residues, which would produce a4-B/w6 and a9-B/w1
ions, respectively (Figure 2.9a). A relatively small w6-ion signal was observed in
the product spectrum of the 4- charge state (Figure 2.9b), while a4-B/w6 and a9B/w1-ions were observed in the product spectrum of 5- charge state (Figure 2.9c).
The relative contributions from cleavages at thymidine residues clearly increase
with the absolute charge of the precursor anion (Figure 2.10). It is well-known
that loss of thymine and, as a consequence, the consecutive cleavage at the
relevant 3’ C-O bond to yield (a-T)/w-ions, is disfavored26.

This has been
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attributed to the strong evidence that, at low anionic charge states, intramolecular
proton transfer from a phosphodiester linkage to the nucleobase precedes
neutral base loss37 and that thymine has a proton affinity that is significantly lower
than those of the other nucleobases. However, at relatively high charge states,
loss of thymine is often observed26, presumably because the intramolecular
proton transfer mechanism becomes energetically unfavorable relative to one or
more other mechanisms for base loss.
Beam-type collisional activation was applied to the mix-mer ions to
determine if higher activation levels might yield cleavages at the 3’-sides of the 2F and/or 2’-OMe residues. Figure 2.11a displays the beam type CID product
spectrum of the [M-5H]5- of the 2’-(F, H) mix-mer acquired using a collision
energy of 100 eV. No evidence for cleavages at the 3’-sides of the 2’-F modified
residues was noted under these conditions nor at higher collision energies (data
not shown). The beam-type CID of the of the [M-5H]5- of the 2’-(F, H, OMe) mixmer, on the other hand, yielded relatively low abundance signals from c2- and x2ions indicating backbone dissociation on the 3’-side of the 2’-O-methyl modified
nucleotides. Collectively, the results obtained in this work, along with previous
studies of DNA and RNA anions, suggest the gas phase stability of the 3’-side
backbone linkage follows the order: 2’-F> 2’-OMe> 2’-OH> 2’-H (with the
backbone cleavage for the 2’-H cleavage arising from the base loss species).
While the low energy beam-type CID conditions accessible on the QqTOF
instrument were not able to generate additional primary sequence information
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from the 2’-(F, H) mix-mer anions, relative to ion trap CID, such conditions
appear to offer some utility for the 2’-(OMe, H) mix-mers.

2.4

Conclusions

In this study, the collision-induced dissociation behavior of oligonucleotide
anions with several different substituents at the 2’-carbon of the pentose rings of
the oligomer was investigated. The 2’-OMe substitution inhibits the facile
mechanism to yield complementary c/y-ions noted for 2’-OH substituted species
(i.e., RNA) and stabilizes the oligomer with respect to base loss relative to DNA
and RNA anions. As a result, cleavages along each of the four bonds of the
phosphodiester linkage in fully substituted 2’-OMe species (i.e., a methoxy
substituent is present on the 2’-carbon of all sugars) are observed with no clearly
favored dissociation channel.

Ion trap CID of the fully modified oligomer

therefore provides extensive sequence information. While differences in relative
abundances of the various fragments vary with precursor ion charge state, the
extent of sequence information present in the CID spectra is similar. Beam-type
CID appears to offer little advantage over ion trap CID for sequencing the fully
substituted anions and can lead to extensive sequential fragmentation as the
collision energy is increased.
Oligomers that do not have the same substituent at the 2’-carbon of each
sugar can be difficult to sequence fully via CID due to significant differences in
the energetic requirements associated with cleavages of the adjacent
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phosphodiester linkage. For example, the presence of DNA nucleotides in the
sequence, along with nucleotides with 2’-OMe substituents can lead to a situation
where all of the dissociation takes place through the low energy channels
associated with DNA with little or no structurally diagnostic cleavages from the 3’sides of the 2’-OMe substituted nucleotides. In this case, beam-type CID can
prove to be beneficial as it may access energies needed to lead to at least some
cleavages adjacent to the 2’-OMe nucleotides. This was not observed, however,
with 2’-F substitution. This implies that the 2’-F substituent provides even greater
stability with respect to fragmentation than the 2’-OMe substitution. Conventional
ion trap CID and low energy beam-type CID, such as that commonly effected in
quadrupole and other multi-pole collision cells, are therefore expected to be
limited in their abilities to provide full sequence information from mix-mers anions
comprised

of

nucleotides

with

significantly

different

stabilities

towards

fragmentation. This was demonstrated here with mix-mers comprised of DNA
nucleotides and nucleotides with 2’-OMe and 2’-F substituents.
This chapter was reprinted with permission from Gao, Y., McLuckey, S. A.
Collision-induced dissociation of oligonucleotide anions fully modified at the 2'position of the ribose: 2'-F/-H and 2'-F/-H/-OMe mix-mers. J. Mass Spectrom.
2012, 47, 364-369. Copyright (2012) John Wiley & Sons, Ltd.
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Figure 2.1 Ion trap CID of doubly deprotonated oligonucleotides: (a) DNA 6-mer
(dAdCdCdGdAdG), with ion trap CID frequency at 90.5kHz, excitation amplitude
at 250mV and excitation time for 100ms; (b) RNA 6-mer (rArCrCrGrArG),
85.5kHz, 250mV and 100ms; (c) 2’-OMe 6-mer (mAmCmCmGmAmG), 82.05kHz,
250mV and 100ms.
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Figure 2.2 Relative abundance versus excitation amplitude for ion trap CID of
doubly deprotonated 2’-OMe 6-mer (mAmCmCmGmAmG). The abundances
were normalized to the most abundant peak in the spectrum. Excitation
amplitude was raised to the point where no precursor ions could be seen in the
product spectrum.
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Figure 2.3 Ion trap CID of the 2’-OMe 6-mer (mAmCmCmGmAmG) of different
charge states: (a) 3- charge state, 123.257kHz, 220mV and 100ms; (b) 4- charge
state, 165.66kHz, 155mV and 100ms. Excitation amplitude was set at the level at
which 80% of the precursor ions were fragmented.
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Figure 2.4 Beam type CID spectra of the 2’-OMe 6-mer (mAmCmCmGmAmG) of
different charge states: (a) 2- charge state, 90eV; (b) 3- charge state, 99eV, [M3H]3- peak is between y42- and c2- but not labeled; (c) 4- charge state, 88eV. “#”
represents the internal fragments.
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Figure 2.5 Ion trap tandem mass spectra of [M-3H-A]2- of the oligonucleotides: (a)
M=2’-OMe RNA 6-mer, 71.139kHz, 130mV and 100ms; (b) M=DNA 6-mer,
71.234kHz, 170mV, 100ms. “#” represents the internal fragments.
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Figure 2.6 Beam-type CID product spectra of [M-3H-A]2- of the oligonucleotides:
(a) M=2’-OMe RNA 6-mer, 200eV; (b) M=DNA 6-mer, 200eV. “#” represents the
internal fragments.
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Figure 2.7 Ion trap CID spectra of 2’-OMe RNA 6-mer in positive mode: (a) 2+
charge state, 77.75kHz, 300mV and 100ms; (b) 3+ charge state, 120.63kHz,
230mV and 100ms. “#” represents the internal fragments.
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Figure 2.8 Ion trap tandem mass spectra of 2’-(F, H) mix-mer 5’fAdAdCfCdCfCdGfGdAfAdGfG-3’ of different charge states: (a) 4- charge state,
86kHz, 300mV and 100ms; (b) 6- charge state, 130kHz, 300mV and 100ms. The
excitation amplitudes were tuned to induce 95% precursor attenuation to
generate as many fragment ions as possible. The precursor peaks were not
labeled.
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Figure 2.9 Ion trap tandem mass spectra of 2’-(F, H, OMe) mix-mer 5’dAmCdGdTdCdfCdGmAdTdG-3’ of different charge states: (a) 3- charge state,
78.5kHz, 250mV and 100ms; (b) 4- charge state, 104.9kHz, 325mV and 100ms;
(c) 5- charge state, 131kHz, 250mV and 100ms. The excitation amplitudes were
set to induce 80% precursor attenuation.
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Figure 2.10 Relative intensity of the a-B/w-ion series at various charge states (3to 6-) under ion trap CID conditions.
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Figure 2.11 (a) Beam type CID of 2’-(F, H) RNA mix-mer [M-5H]5- at a collision
energy of 100eV; (b) Beam type CID of 2’-(F, H, OMe) RNA mix-mer [M-5H]5- at
a collision energy of 100eV.
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CHAPTER 3. ELECTRON TRANSFER FOLLOWED BY COLLISION-INDUCED
DISSOCIATION (NET-CID) FOR GENERATING SEQUENCE
INFORMATION FROM BACKBONE-MODIFIED OLIGONUCLEOTIDE
ANIONS

3.1
Oligonucleotide

antisense

Introduction
therapies

use

modified

oligonucleotides

containing a phosphorothioate (PS) backbones and 2’- modified ribose to
improve nuclease resistance and binding affinity 1 , 2 , 3 , 4 , 5 . Unfortunately, the
introduction of the PS modification has resulted in an increased RNase
resistance as well as toxicity6. Moreover, studies have shown that fully 2’-alkyl
modified antisense agents do not induce RNase H activity in vivo7, which is an
essential

pathway

in

antisense

therapeutics.

In

practice,

antisense

oligonucleotides (ASOs) are designed in the form of chimeric oligonucleotide
mix-mers to accommodate both toxicity and RNase activity problems

8

.

Specifically, a typical chimeric ASO consists of 2’-alkyl or 2’-fluoro nucleotide
moieties and deoxynucleotide moieties, the phosphodiester linkages of which are
fully or partially modified with PS9,10. The complexity of the molecular structures
requires analytical tools that are able to distinguish different types of
modifications as well as their locations.
Various mass spectrometry methods have been developed for non-modified
DNA and RNA characterization, including CID11,12, photodissociation (PD)13,14,
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electron capture dissociation (ECD)15,16, electron transfer dissociation (ETD)17,18,
and electron detachment dissociation (EDD) 19,20,21,22,23,24 , as well as electron
photodetachment dissociation (EPD) 25,26 . However, relatively few efforts have
been put into sequencing and characterizing modified oligonucleotide mix-mers.
Conventional low energy CID is incapable of providing full sequence information
from mix-mer anions comprised of nucleotides with distinct 3’-backbone
stabilities towards fragmentation 27 . EPD has been shown to be capable of
cleaving PS linkage and generating full sequence coverage for MBO anions28.
Electron transfer followed by CID or PD has produced almost complete sequence
information for chimeric oligonucleotide mix-mer cations with fully PS modified
backbone and partially 2’-O-Methyl (2’-OMe) modified ribose29.
The failure of CID to provide full sequence information for particular
oligonucleotide mix-mer anions results from the existing low energy dissociation
channels from the deoxynucleotide (base loss channel) or ribonucleotide (5’ P-O
bond cleavage channel) components27. There has been evidence showing that
odd-electron oligonucleotide anions do not favor the base loss channel as much
as the even-electron species under similar activation conditions 30 . The EPD28
and ET-CID29 experiments have shown that supplemental activation of oddelectron

oligonucleotide

species

results

in

more

informative

backbone

fragmentation. Generally, EPD produces complimentary (a-B)/a/w- and d/zions25,26,28, while ET-CID generates all types of fragments along the backbone29.
Aiming at producing simple and consistent fragmentation spectra for chimeric
oligonucleotide mix-mers, we explored the dissociation patterns of radical anions
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of oligonucleotide mix-mers formed via a negative electron transfer reaction with
a copper(II) phenanthroline complex. Specifically, an electron is detached from
the multiply deprotonated oligonucleotide to form a radical anion (Scheme 3.1).
There are also some competing channels such as proton transfer, metal insertion,
and metal complex insertion. The odd-electron species that survive the electron
transfer process are activated with dipolar resonance excitation in a linear ion
trap. This process is termed NET-CID18.

3.2

Experimental Section

3.2.1 Materials
Methanol, isopropanol and glacial acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ, USA). Copper(II) chloride, 1,10-phenanthroline,
piperidine and imidazole were obtained from Sigma-Aldrich (St. Louis, MO). All
oligomers, including the 2’-(F, H) mix-mer 5’-fAdAdCfCdCfCdGfGdAfAdGfG-3’,
2’-(F, H, OMe) mix-mer 5’-dAmCdGdTdCdfCdGmAdTdG-3’, PS 6-mer 5’dA*dCdC*dGdA*dG-3’ ,and PS 2’-OMe 6-mer 5’-mA*mCmC*mGmA*mG-3’, were
custom synthesized by Integrated DNA Technologies (Coraville, IA, USA). For
the sake of clarity with respect to the nature of the modification on the 2’-carbon
as well as the backbone, “m” represents the 2’-OMe modification, “f” stands for
the 2’-fluoro modification, “d” indicates a deoxyribonucleotide, and “*” represents
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the phosphorothioate linkage. The sequence was designed to minimize the
occurrence of similar or identical masses from different product ions.
Preparation of oligonucleotide solutions: The oligomer samples were used
without further purification. Oligonucleotide solutions for negative nanoelectrospray (nanoESI) were prepared to ca. 50 μM in 20: 80 (vol:vol)
isopropanol: Diethylpyrocarbonate (DEPC)-treated water with the addition of
25mM piperidine and 25mM imidazole.
Preparation of the metal complex solution: The preparation of the metal
complex simply involved mixing copper(II) chloride with three equivalents of 1,10phenanthroline in a methanol solution to afford a final concentration of 0.1mg/mL.
The metal complex solution provided both the bis- and tris-complexes,
[CuII(phen)x]2+ (x=2, 3), upon nanoESI. The bis-complex, [CuII(phen)2]2+, was
selected as the NET reagent.

3.2.2 Apparatus and Procedures
All MS/MS experiments were performed using a prototype version of a
QqTOF tandem mass spectrometer (QSTAR, AB Sciex, Concord, ON, Canada)
modified to allow for ion/ion reaction studies.31 A home-built pulsed dual nanoESI
source was coupled directly to the nanospray interface to produce ions of both
polarities.

32

The multiply charged oligonucleotide anions, [M-nH]n-, were

generated directly via a nano-ESI emitter. Nitrogen was used as the curtain gas
and as the target gas for CID.
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In a typical NET-CID experiment, oligonucleotide anions were introduced
into mass spectrometer via the negative nano-ESI source and the ions of interest
were isolated with Q1 RF/DC and then injected into the Q2 linear ion trap (LIT) at
a relatively low kinetic energy. Reagent cations of interest were similarly isolated
from the positive nano-ESI of the metal complex solution and introduced into the
Q2 LIT, where ions of both polarities were mutually trapped by applying dipolar
AC on both exist lenses of Q2. The reaction efficiency was optimized by
adjusting the linear accelerator (LINAC) potential

33 , 34

to allow maximum

overlapping of the cations and anions. Ion/ion reaction time was set to 300ms for
all experiments. To perform further ion trap CID, the products of the ion/ion
reaction were sent back to Q1 to isolate the charge reduced species35. Then, the
isolated radical anions were introduced to Q2 for ion trap CID. A dipolar RF
signal with frequency in resonance with the fundamental secular frequency of the
precursor ion was applied to one pair of rods of Q2 to induce ion trap collisional
activation. The product ions were cooled in Q2 and then subjected to mass
analysis by time-of-flight (TOF).
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3.3

Results and Discussions

3.3.1 NET-CID of 2’-Modified Mix-mers with Phosphodiester Backbones
The structural characterization of 2’-modified mix-mers is inherently
complicated due to the competition among different dissociation channels from
different modification states at the 2’-carbon. A number of studies have been
described that have involved even-electron species of 2’-modified mix-mers of
one kind or another and in various contexts. 36 , 37 , 38 , 39 , 40 , 41 For even-electron
oligodeoxynucleotide species, the facile dissociation pathway is base loss and
subsequent 3’ C-O bond cleavage42,43. However, this pathway is affected by the
2’-alkyl or 2’-F modification27. Therefore, ion trap CID of mix-mer anions
comprised of DNA residues interspersed with the common 2’-F and 2’-OMe
residues, leads to limited backbone fragmentation restricted largely to the DNA
residues. In this work, we employ ion trap CID and NET- CID of a few model
“mix-mer” species. Specifically, we have examined anions and radical anions of
the 2’-(F, H) mix-mer 5’-fAdAdCfCdCfCdGfGdAfAdGfG-3’ and the 2’-(F, H, OMe)
mix-mer 5’-dAmCdGdTdCdfCdGmAdTdG-3’ to allow direct comparison of the
fragmentation patterns of even- and odd-electron species.
Figure 3.1a illustrates that 2’-F modification inhibits the facile base loss
pathway, as reflected by the lack of 3’-side backbone fragmentation observed for
any of the the 2’-F substituted residues as a result of the CID of the [M-4H]4- ion,
where M = 5’-fAdAdCfCdCfCdGfGdAfAdGfG-3’. Backbone cleavages were
observed only at the 3’-side of the DNA residues. The insets in Figure 1
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represent the summary of backbone cleavages, with color coded fragment
information (Scheme 3.2). Figure 3.1b shows the ion trap CID product ion
spectrum of the [M-5H]4-• radical anion. The excitation amplitude was set 100mV
higher that that used for the [M-4H]4- ion to induce similar diminution of the
precursor ion signal. Backbone fragmentation was observed at almost every
phosphodiester linkage with non-complementary d/w-ion pairs. Fragment peaks
corresponding to a- and z-ions also appear, with exception of a6- and z6-ions, but
at far lower abundances Figure 3.2 shows the summary of the contributions of
the various ion-types to the spectrum of Figure 3.1b. The d/w-ion formation is
consistent with the findings in previous EDD19-24, EPD25,26,28 and NETD18
experiments. The fact that both 2’-F and DNA residues gave rise to backbone
cleavages indicates that the 2’-modification does not play a key role in the main
sequence-informative fragmentation mechanism(s) of the odd-electron species.
Figure 3.3 shows the ion trap CID product ion spectra of the [M-3H]3-and [M4H]3-• ions of the 2’-(F, H, OMe) mix-mer 5’-dAmCdGdTdCdfCdGmAdTdG-3’.
This comparison is similar to that of Figure 1 in that the sequence informative
fragments from the radical precursor are largely d- and w-ions (see Figure 3.4 for
a summary of the contributions of the various backbone fragment ion-types to the
spectrum of Figure 3.3b). Base loss is noted in all of the spectra of Figures 3.1
and Figure 3.3. There is little evidence for loss of an even-electron base from the
charge-reduced radical anion. For example, very little evidence for [M-4H-BH]3-•
is observed in the spectrum of Figure 3.3b (see Figure 3.5 for an expansion of
the base loss region of Figure 3.3b). We note that proton transfer competes with
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electron transfer in generating charge-reduced ions such that some [M-3H]3- ions
are present with the [M-4H]3-• ions. Under the resonance excitation conditions
used here, the frequency is tuned to activate the [M-4H]3-• ions but [M-3H]3- ions
are also activated to some extent. Most of the base loss ions are believed to
arise from the off-resonance activation of the [M-3H]3- ions generated from proton
transfer. Much of the base loss observed for the CID spectrum of 2’-(F, H) mixmer radical anion (Figure 3.1b) is also expected to arise from CID of the proton
transfer product.

The spectra of the ion/ion reaction products collected with

higher activation amplitudes, which gives rise to even greater off-resonance
excitation, showed increased relative contributions from a-B-ions. An example is
provided in Figure 3.6, which shows the product ion spectrum from the 450 mV
activation of the ion/ion reaction products from the [M-5H]5- precursor of the 2’(F,H) mix-mer (compare with the 400 mV activation shown in Figure 3.1b).
The fragmentation mechanism of oligonucleotide radical anions has been
proposed by different groups in various contexts.25,25, 44 The removal of an
electron from a multiply-deprotonated oligonucleotide anion via photo-excitation,
as in EPD, via electron excitation, as in EDD, and via electron transfer, as in an
ion/ion reaction with a cation, all generate radical anion species and are therefore
might be expected to lead to similar dissociation behaviors. However, the initial
site(s) of electron removal may not be the same for all of these techniques.
Evidence for initial radical site formation at the nucleobases in EPD and EDD has
been presented. For example, the observation of relatively abundant d-ions at
the 3’-side of purine residues, which have relatively low ionization energies (IE)
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(i.e., adenine IE = 8.3-8.5 eV; guanine IE = 8.0-8.3 eV 45 ), and low d-ion
abundances at the 5’-side of the pyrimidine residues, which have relatively high
IEs (i.e., thymine IE = 9.0-9.2 eV; uracil = 9.4-9.6; cytosine = 8.8-9.045) has been
reported under EDD conditions.

On the other hand, w-ions tend to most

abundant at the 5’-side of low IE residues and less abundant at the 5’-side of
high IE residues. No such tendency is apparent in the electron transfer data
described here, however. The recombination energy of the reagent anions used
here has been calculated to be 8.4 eV 46 , which is too low for removal of an
electron from the pyrimidines.

We therefore offer in Scheme 3.3 a mechanism

for fragment ion formation that begins with electron removal from the backbone
rather than from a nucleobase. The radical site then re-locates to the 4’-C on the
sugar ring. Subsequent β-cleavage generates a/w•, d•/z-ions. However, taking
the rest of the strand into consideration, the newly formed radical can undergo an
intermolecular hydrogen transfer process and transfer the radical to its
complimentary fragment. In this way, a mixture of both even- and odd-electron
fragments is generated. A close examination of the isotopic distribution of the
fragment peaks confirms that hydrogen transfers can occur to generate both
even- and odd-electron fragments. This mechanism does not involve the 2’position substituents, and therefore is consistent with the fact that fragmentation
does not appear to be affected by the 2’-modification.
Scheme 3.3 rationalizes the generation of a/w and d/z complementary pairs.
All ions types have been observed but non-complementary w- and d-ions
dominate the spectra.

All complementary ion types are presumed to be
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generated initially in equal numbers. However, the a- and z-ions are apparently
less stable than their complementary w- and d-ions and, based on the dearth of
any other clearly recognizable products, likely fragment to w- and d-ions.
Scheme 3.4 provides possible pathways for initially formed an- and zn-ions to
fragment further to generate dn-1- and wn-1-ions, respectively. In both cases, the
formation of a very stable neutral derived from the pentose ring is generated. An
alternative to the structure drawn in Scheme 3.4 is a substituted furan. In either
case, neutral product stability may be a primary factor in the facility with which
the initially formed a- and z-ions fragment further.

3.3.2 NET-CID of Mixed-Backbone Oligonucleotides
Mixed-backbone oligonucleotides (MBOs) have been designed to reduce
side effects while maintaining high stability8,9,10. Generally, MBOs are
oligonucleotides with backbones comprised of a mixture of phoshodiester (PO)
and phosphorothioate (PS) linkages. Specifically, PS is utilized as an alternative
for the common PO linkages by replacing a non-bridging oxygen with a sulfur
atom, which renders in vivo resistance to endonuclease degradation47,48. In order
to evaluate the capability of NET-CID to identify the sequence and modification
sites of MBOs, the ion trap CID fragmentation patterns of anions and radical
anions of the PS 6-mer 5’-dA*dCdC*dGdA*dG-3’and the PS 2’-OMe 6-mer 5’mA*mCmC*mGmA*mG-3’ with mixed backbones comprised of PS (indicated by
“*”) and PO were explored. Figure 3.7a shows the ion trap CID product spectrum
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of the doubly deprotonated PS 6-mer anion. Full sequence coverage consisting
of a-B/w-ion pairs was observed, indicating that the backbone cleavage follows
the DNA fragmentation pattern. However, multiple dissociation channels were
observed for the PS linkages, including b/x- and c/y-fragments, suggesting that
the PS modification alters the competition between the various backbone
dissociation channels such that more are observed. In contrast, the NETD
product spectrum of the same model sequence (Figure 3.7b) gives rise to a/d/wfragments, as was also noted for the PO backbone 2’-modified mix-mers. For this
sequence, supplemental CID was not applied because spontaneous NETD
provided ample sequence information. The fragmentation is dominated by
formation of d- and w-ions, consistent with the processes depicted in Schemes
3.3 and 3.4. No clear preferential cleavage along the backbone is noted in this
case, which is desirable for sequencing.
The a3-ion in Figure 3.7b generated from ion/ion reaction between [M-3H]3of PS 6-mer (A*CC*GA*G) and CuII(phen)2 complex was isolated and subjected
to MS3 (Figure 3.8). a3-B, d2 and internal fragments were observed. The fact that
a3-ions do not fully convert to d2-ions seems not to support the proposed
mechanism. However, it is still ambiguous that whether the a3 we probe has the
same structure/stability as the a-ions that do convert to d-ions. Actually, the aions we can probe have significant abundance that is comparable to other d/wions, indicating that these surviving a-ions might have relatively higher stability
than those not seen. Then it might be the situation where we cannot probe the
“labile” a-ions that give rise to d-ions.
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Molecular systems bearing both mixed backbone and 2’-sugar modifications
pose potentially greater structural characterization challenges due to the greater
diversity of factors that could impact the dissociation behavior. As shown in
Figure 3.9a, backbone dissociation was found to be limited to the PS linkages
under CID conditions as a result of a combination of two effects: (1) 2’-OMe
modification strengthens the 3’-side backbone by eliminating the low-energy
dissociation pathways; and (2) the cleavages leading to b/x- and c/y-ions are
relatively more facile at the PS linkages. As a result, the sequence related
fragments are b/x- and c/y-ions, which is consistent with the behavior observed in
Figure 3.7a. CID of higher charge states gave rise to greater sequence coverage
(Figure 3.10a). However, increasing the precursor ion charge state further leads
to limited fragmentation (Figure 3.10b). NET-CID of the PS 2’-OMe 6-mer
produced nearly full sequence information with a/w/d-ion fragments. We note that
c3/y3-fragments are also observed in Figure 3.8b, which are likely to arise from
off-resonance excitation of the proton transfer species (i.e., [M-2H]2-).
It was observed that radical anions of mixed-backbone oligonucleotides
formed via electron transfer appear more likely to undergo backbone cleavages
than those of exclusively PO-backbone oligonucleotides. The negative electron
transfer reaction of the PS 6-mer, for example, generates backbone
fragmentation information without further CID (Figure 3.7b). Likewise, the
negative electron transfer reaction of the PS 2’-OMe 6-mer also produces
backbone cleavages in addition to reducing the charge (Figure 3.11). To rule out
variables other than the backbone composition, the completely 2’-OMe modified
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PO-backbone oligonucleotide 5’-mAmCmCmGmAmG-3’ (2’-OMe 6-mer) was
tested under both NET and NET-CID conditions (Figure 3.12). The 2’-OMe 6-mer
barely fragments upon electron detachment. CID of the electron transfer product
is required to generate rich fragment information. Thus, the phosphorothioate
backbone cleavage appears to be more favorable in a negative electron transfer
reaction than cleavage of a phosphodiester linkage. More studies are required to
be able to draw firm conclusions regarding differences and similarities associated
with PO and PS oligomers under NET conditions. We note, however, that the PS
linkages are expected to have lower gas phase acidities than the PO linkages49,
which would tend to favor the negative charge residing on the PS groups.
Assuming electron detachment from the charge site, the initial radical site
formation at the PS linkages would be expected. This could have a significant
effect on the mechanism (see Scheme 3.3) by altering the radical migration steps
associated with backbone cleavage (i.e., hydrogen transfer reactions to a sulfur
radical site versus to an oxygen radical site).

3.4

Conclusions

In this study, NET-CID behavior of oligonucleotide anions with several
different substituents at the 2’-carbons of the pentose rings of the oligomers as
well as mixed backbones was investigated. The main dissociation processes
follow radical mediated mechanisms that do not involve base loss or the 2’position substituents. As a result, cleavages on the 5’ and 3’ C-O bonds of the
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phosphodiester linkage in mix-mers with 2’-H, 2’-F or 2’-OMe modification are
observed, generating non-complementary d/w-ion pairs. Certain a/z-fragments
were observed for each specific sequence, while most a/z-fragments were barely
above the noise. The d/w-ions were noted to be a mixture of both even- and oddelectron species, which result from an intermolecular hydrogen transfer process.
Complete sequence information was obtained regardless of the substitution on
the 2’-carbon.
Oligomers that do not have uniform backbone compositions have different
CID fragmentation behavior for both the even- and odd-electron anions. Ion trap
CID of both the doubly deprotonated PS 6-mer and PS 2’-OMe 6-mer results in
extensive backbone cleavages on the PS bonds, with production of b/x- and c/y
ions. PS bonds appear to be more labile to the electron detachment process and
can give rise to a/w/d-type fragments under NETD conditions. Supplemental CID
generates product ions corresponding to the cleavages of PO bonds, indicating
there is a relatively low energy barrier for the cleavage of PS bonds. Ultimately,
dissociation can be observed between each residue, giving rise to diagnostic
sequence information. In conclusion, nearly full sequence information can be
obtained by either NETD or NET-CID of oligomers containing various
modifications on the 2’-ribose carbon.

The presence of phosphorothioate

linkages appears to have a greater effect on the radical anion dissociation
behavior than modifications of the 2’-ribose carbon, probably due to the role that
the sulfur plays in localizing the radical site. Nevertheless, NET-CID generated
full sequence coverage for the PS-containing mix-mer studied here.

Ion-ion

85
electron transfer and electron detachment either via electron irradiation or
photodetachment are all means for generating radical anions from multiply
deprotonated oligonucleotides. The results reported here suggest that there may
be differences in fragmentation behavior resulting from these various approaches,
possibly due to differences in the locations of initial electron detachment (i.e.,
backbone versus nucleobase).

In any case, NET-CID is promising as a

dissociation method that complements CID of even-electron anions derived from
backbone modified oligonucleotides.
This chapter was reprinted with permission from Gao, Y., McLuckey, S. A.
Electron Transfer Followed by Collision-Induced Dissociation (NET-CID) for
Generating Sequence Information from Backbone Modified Oligonucleotide
Anions. Rapid Comm. Mass Spectrom. 2013, 27, 249-257. Copyright (2012)
John Wiley & Sons, Ltd.
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Scheme 3.1 Negative electron transfer reaction and other competing channels.

92

a
a‐B
b
c
d

O
5’
w
x
y
z

O

P

O

3’

X
X=O or S

Scheme 3.2 Oligonucleotide fragmentation nomenclature and color coding.

93

Base1

Base1
OMe
O

O

O

Base2

O

O

O

OMe

O

O

P

O

O

H

HO P

O

OMe

O

O
Base2

O

or

O

OMe

or

Base1
OMe

O

Base1

O
H

O
O P

OMe
O

O

O

O

O

O

Base2

O

OH

O

Base2

O

O

P

O

OMe

OMe

O
HO P

O

O

O

Base1

O

OMe

A mixture of
a/a•/w/w• and
d/d•/z/z•

Base2

O

O

OMe

w•

a
or
O
O

O
HO P

Base1

Base2

O
OMe

O

OMe

O

O

d•

z

Scheme 3.3 Proposed pathways for phosphodiester bond cleavage following
initial electron removal from the phosphodiester linkage.

94

O

O
Base

O

an

radical migration

O

Base

O

OMe

OMe

O

Base

O

OMe

Base

O

dn-1
OMe

O

Base

Base

O

O

radical migration
O

OMe

zn

O

O

Base

OMe
OMe

zn

wn-1

Scheme 3.4 Proposed pathways for the further decomposition of initially formed
a- and z-ions.

a92‐‐B

w72‐

‐AH

a3‐‐B
d52‐

w32‐

w1‐

fA dA dC fC dC fC dG fG dA fA dG fG

0

d113‐

w3‐
d103‐
w103‐

w83‐
‐GH
‐AH
‐CH
4‐∙
d3‐ [M‐5H]
w93‐ z62‐

fA dA dC fC dC fC dG fG dA fA dG fG

a62‐
d62‐

w73‐
d52‐

d42‐ d ‐
2

d1‐

w1‐

100

w42‐

d73‐

b.

w52‐

200

w32‐

Intensity (Arb. Unit)

400

a2‐‐B

a52‐‐B

a.

‐CH
[M‐4H]4‐ 2‐
a7 ‐B
3‐
w9
w3‐
w102‐
a113‐‐B

w52‐
3‐
a9 ‐B

800

‐GH

95

0
300

500

700

900

1100

1300

m/z

Figure 3.1 MS/MS product ion spectra of 2’-(F, H) mix-mer. (a) Ion trap CID of
[M-4H]4-, 115kHz dipolar excitation frequency, and the trapping time of 100ms for
all , if not otherwise indicated, 300mV excitation amplitude. (b) Ion trap CID of [M5H]4-• formed from negative electron transfer reaction between [M-4H]4- and
Cu(phen)2+, 400mV excitation amplitude. (A relatively broad ion isolation window
was used for the charge reduced radical anion to avoid any ejection of precursor
ions Peaks between m/z 943-960, which correspond to Na+, K+, O2 and Cu2+
adduction, also appeared within the isolation window. These ions did not
contribute to the product ion spectrum, however, due to the mass-selective
nature of single frequency ion trap resonance excitation.)

96
1

a
d

0.5

w
z

0
1

0.2

a
d

0.1

w
z

0
1

2

3

4

5

6

7

8

9

10

11

fA dA dC fC dC fC dG fG dA fA dG fG
Figure 3.2 (a) Summary of the total contributions from a-, d-, w-, and z-ions to the
product ion spectrum of Figure 3.1b of the main text. (b) Breakdown of
contributions of the various ion types according to linkage site.

a.
dA mC dG dT dC fC dG mA dT dG

w52‐

[M‐3H]3‐
w72‐

a3‐‐B
0

dA mC dG dT dC fC dG mA dT dG

a3‐

w52‐

d52‐

d2‐
w2‐

w1‐

d1‐

150

w82‐ 2‐
d8
d4‐

b.

3‐
d93‐ w9
w62‐
d3‐
‐GH
‐AH
‐CH
[M‐4H]3‐∙
d72‐
w72‐

[M‐5H+Cu]3‐

300

d62‐

Intensity (Arb. Unit)

250

a5‐‐B

500

w93‐ a72‐‐B
‐GH
w3‐
‐AH
‐CH

97

0
300

500

700

900

1100

1300

m/z

Figure 3.3 MS/MS product ion spectra of 2’- (F, H, OMe) mix-mer. (a) Ion trap
CID of [M-3H]3-, 250mV excitation amplitude. (b) Ion trap CID of [M-4H]3-• formed
from negative electron transfer reaction between [M-4H]4- and Cu(phen)2+,
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Figure 3.5 Isotopic distribution of base loss peaks from ion trap CID of [M-4H] 3-•
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Figure 3.6 MS/MS product ion spectrum of 2’- (F, H) mix-mer. Ion trap CID of [M5H]4-•, excitation amplitude was set to 450mV.
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Figure 3.7 MS/MS product ion spectra of PS 6-mer. (a) Ion trap CID of [M-2H]2-,
250mV excitation amplitude; (b) Product spectrum of [M-3H]3- reacting with
[CuII(phen)2]2+.
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Figure 3.9 MS/MS product ion spectra of PS 2’-OMe 6-mer. (a) ion trap CID of
[M-2H]2-, 220mV excitation amplitude; (b) ion trap CID of [M-3H]2-• formed from
negative electron transfer reaction between [M-4H]4- and Cu(phen)2+, 450mV
excitation amplitude. ∆ represents the triply deprotonated anion with the
plasticizer adduct that is commonly seen in an ion trap. Spectrum (b) was
obtained without isolating the radical anions due to the low gas phase stability of
this species.
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Figure 3.12 MS/MS product ion spectrum of 2’-OMe 6-mer. (a) ion trap CID of
[M-3H]2-•, excitation amplitude was set to 550mV; (b) product ion spectrum of [M3H]3- reacting with [CuII(phen)]2+. (c) and (d) are the zoomed-in spectra at the [M3H]2-• peak showing that the fragments come from the radical anion species.
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CHAPTER 4. TOP DOWN INTERROGATION OF CHEMICALLY MODIFIED
OLIGONUCLEOTIDES BY NEGATIVE ELECTRON TRANSFER AND
COLLISION INDUCED DISSOCIATION

4.1

Introduction

Synthetic oligonucleotides have been extensively researched as drug
candidates1,2,3)and diagnostic agents4. Various chemical modifications have been
introduced into such molecules to improve their stability and efficacy as well as
minimize toxicity5,6,7. Among them, modification of the 2’ positionon the pentose
ring is widely applied in numerous synthetic oligonucleotides and has proved to
be reliable and robust8. However, the introduction of modifications in the sugar
moietyof oligonucleotide also complicates its characterization, an important part
of the quality control foroligonucleotides as therapeutics9. And specifically for the
chemically modified oligonucleotides, thestructures of base and sugar groups, as
well as the order the nucleosides are arranged,will need to be demonstrated.
To address this analytical challenge, both enzymatic digestion 10 and
chemical degradation procedure 11 have been described, where both of them
showed good success towards confirming the primary structure of purified
synthetic oligonucleotide materials. Overall, these approaches are analogous to
the bottom-up method used in proteomics, where a large biomolecule is first
chemically

or

enzymatically

degraded

into

smaller

components

before
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characterization by mass spectrometry. An alternative way to address such
challenge

is

the

ever

more

popular

top-down

strategy,

where

an

oligonucleotidepseudo-molecular cation or anion is subjected to fragmentation in
the mass spectrometer and sequence information is derived from the masses of
fragment ions. In principle, direct sequencing of oligonucleotides by tandem
mass spectrometry is favored over a digestion approach because of its potential
advantages in speed, sensitivity, as well as its capability to analyze minor
components in a complex mixture. However, in a previous study of the collisioninduced dissociation (CID) patterns of 2’-modified mix-mer models, we observed
strong differences in the gas phase fragmentation behavior that arise from the
various modification sites12. Fragmentation of the phosphodiester linkage at the
3’-side of the modified pentose, for example, was not observed with collisional
activation when present with DNA residues. Rather, fragmentation tended to
dominate at the DNA residue sites. This represents a complicating factor for use
of the top-down method to characterize the primary structure of oligonucleotides.
Therefore, dissociation approaches that generate sequence information that are
not affected by the 2’-modifications are highly desirable.
It has been demonstrated that the 2’-modification plays an important role in
the oligonucleotide CID process12. The gas phase unimolecular dissociation of
DNA gives rise to a-B/w-ions 13 , which are generated by a facile base loss
process followed by the 3’ C-O bond cleavage14,15,16. This pathway is favored
because the base loss channel requires lower activation energy as opposed to
any other backbone cleavages. The mechanism involves a 1,2-elimination step
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that requires the 2’-position to be a hydrogen. Once the 2’-position is substituted
with other functional groups, this low energy pathway is inhibited. For the CID of
RNA, the low-energy base loss channel is inhibited, but there is a c/yfragmentation channel that arises from 5’ P-O bond cleavage involving the 2’-OH
functionality17,18,19. Likewise, this channel is no longer preferred if the 2’-OH is
replacedby other functional groups17. According to the previous study of model
oligonucleotide mix-mers, fragmentation at the DNA residues outcompetes
fragmentation at the phosphodiester linkage to the 3’-side of the 2’-modified
ribose to the point that the latter is not observed12. When there are no DNA
residues, backbone cleavages from the 2’-modified residues are observed even
when

RNA

residues

are

present17.

Therefore,

chemically

modifiedoligonucleotides containing DNA residues are particularly challenging for
sequencing and characterization.
A fragmentation method for which the base-loss pathway is not favored may
provide

non-preferential

backbone

cleavages

for

the

heavily

modifiedoligonucleotides. It has been demonstrated that fragmentation of oddelectron (radical) oligonucleotide anions does not favor the base loss channel
under similar activation conditions20. Therefore, the gas phase dissociation of the
radical species is promising in generating more informative backbone
fragmentation. The electron photodetachment dissociation (EPD) 21 , electron
transfer followed by CID (ET-CID) 22 andnegative electron transfer followed by
CID (NET-CID)23 experiments have shown that supplemental activation of oddelectron (radical) oligonucleotide species is effective in the sequence
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determination of 2’-modified model oligonucleotides. There is also evidence that
electron detachment dissociation (EDD)

24

generates similar fragmentation

patterns as EPD and NET-CID, namely d/w-ions.
In this study, we set out to develop and evaluate a procedure for the
identification and characterization of heavily modified oligonucleotides. We have
applied the ion trap CID (ion trap CID) and NET-CID to analyze a series of
oligonucleotidewith different combinations of modifications at the 2’ positions of
the sugar moiety. Firstly, a set of oligonucleotideswith a single type of sugar
moiety were subjected to ion trap CID to identify the fragmentation patterns for
the corresponding even-electron anions. Then, a set of even-electron
oligonucleotide mix-mers was studied by ion trap CID to identify how
fragmentations at the different modified sites compete with one another. Finally,
NET-CID was applied to these mix-mers to demonstrate the utility of using NETCID

to

generate

high

sequence

coverage

for

these

highly

modified

oligonucleotide molecules.

4.2

Experimental Section

4.2.1 Materials
Methanol, isopropanol and glacial acetic acid were purchased from
Mallinckrodt (Phillipsburg, NJ, USA). Rubrene, acetonitrile, dichloromethane,
piperidine, and imidazole were obtained from Sigma-Aldrich (St. Louis, MO). All
oligonucleotides were synthesized in house (Rahway, NJ). For the sake of clarity
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with respect to the nature of the modification on the 2’ of sugar moiety, “m”
represents the 2’-O-methyl modification, “f” stands for the 2’-fluoro modification,
“d” indicates a deoxyribonucleotide (Table 4.1 and Figure 4.1). The
oligonucleotides are based on two complementary sequences (55664 and
55665) and different 2’-modifications are incorporated along the backbone.
Preparation of solutions: Synthetic oligonucleotide samples were desalted
before mass spectrometry analysis. Desalting was carried out using a cation
exchange resin. Desalting of oligonucleotides by the cation exchange resin
(Amberlite IRN77 hydrogen form) was carried out as described below. The cation
exchange resin was rinsed with DEPC-H2O and then mixed with 100 µL
oligonucleotide stock solution of about 200µM at room temperature for 10 min to
reduce the cation adducts (Na+ or K+). Oligonucleotide solutions for negative
nano-electrospray (nanoESI) were prepared to ca. 50 μM in 20: 80 (vol:vol)
isopropanol: water with the addition of 25mM piperidine and 25mM imidazole.
Rubrene was dissolved in dichloromethane to a concentration of ca. 4 mM and
then diluted to ca. 80 µM in 20: 80 (vol:vol) dichloromethane:acetonitrile.

4.2.2 Apparatus and Procedures
All MS/MS experiments were performed using a prototype version of a
QqTOF tandem mass spectrometer (QSTAR, AB Sciex, Concord, ON, Canada)
modified to allow for ion/ion reaction studies.25A home-built pulsed dual nanoESI
source was coupled directly to the nanospray interface to produce ions of both
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polarities.

26

The multiply charged oligonucleotide anions, [M-nH]n-, were

generated directly via a nanoESI emitter. Nitrogen was used as the curtain gas
as well as the target gas for CID.
In a typical ion trap CID experiment, the oligonucleotide anions were
generated via nanoESI and the precursor ions were isolated with Q1 RF/DC and
directed into the q2 linear ion trap (LIT) at a relatively low kinetic energy. During
the trapping time in q2, an RF amplitude was applied in a dipolar manner to one
pair of the rods with frequency in resonance of the fundamental secular
frequency of the ion of interest. Excitation of the ion of interest led to an increase
in orbited trajectory, resulting in higher energy collisions with the N2 cooling/bath
gas. Conversion of kinetic energy to internal energy subsequently resulted in
dissociation. The fragment ions were cooled in q2 and then subjected to mass
analysis by time-of-flight (TOF).
In a typical NET-CID experiment, oligonucleotide anions were introduced
into the mass spectrometer via the negative nESI source and the ions of interest
were isolated and then injected into the q2. Reagent cations of interest were
similarly isolated from the positive nano-ESI of the metal complex solution and
introduced into the q2 LIT, where ions of both polarities were mutually trapped by
applying AC on both entrance and exist lenses of q2. The reaction efficiency was
optimized by adjusting the linear accelerator (LINAC) potential 27 , 28 to allow
maximum overlapping of the cations and anions. To perform further ion trap CID,
the products of the ion/ion reaction were sent back to Q1 to isolate the charge
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reduced species29. Then, the isolated radical anions were introduced to q2 for ion
trap CID.

4.3

Results and Discussions

4.3.1 Ion trap CID of Oligonucleotides with Uniformly Modified Backbones.
Previous studies have shown that the 2’-modification can considerably alter
the gas phase fragmentation patterns of the short-strand oligonucleotide
anions12,18. To extend this knowledge based on the short oligomers12 to the
longer oligonucleotides, i.e., 21- and 23-mers, we have synthesized eight
oligonucleotides (Table 4.1) that are based on 2 basic sequences (named 55664
and 55665) with 4 different types ofsugarcompositions (2’-H, 2’-OH, 2’-F, 2’OMe). These molecules were analyzed using a modified QqTOF instrument and
their gas phase fragmentation behaviors were studied. Ion trap CID was
performed on all eight samples with multiply charged anions ([M-9H]9-) as
precursors. For 55664 samples, CID of 2’-H oligomers gives rise to a-B/w
fragments (Figure 4.2a), CID of 2’-OH oligomers generates c/y fragments (Figure
4.2b), CID of 2’-F (Figure 4.2c) and 2’-OMe (Figure 4.2d) oligomers produces all
possible types of backbone cleavages resulting in a/w, b/x, c/y and d/zfragments. And similar fragmentation was observed for the 55665 samples
(Figure 4.3). These data suggest that the gas phase dissociation of the
oligonucleotide 21-mers follow the same patterns as those noted for a short

114
model oligomer system12. Briefly, the (a-B)/w fragmentation pattern of the allDNA oligomer is predicated on the facile base loss channel that involves the 2’-H
on the ribose ring30,31; the c/y product formation of the all-RNA oligomer results
from the 5’ P-O bond cleavages due to a rearrangement mechanism involving
the 2’-OH substitution17. It is noteworthy that ion trap CID of 2’-H 55664
generates relatively poor sequence coverage (defined as the number of cleaved
linkage between nucleoside residues divided by the total number of applicable
linkages, e.g., 11/22=50% in this case). This is likely due to relatively little
sequential fragmentation following base loss, so we performed supplemental
activation on the base loss peaks, and successfully improved the sequence
coverage to 86% (Figure 4.4). When the 2’-position on the pentose ring is
substituted by other functional groups, such as 2’–fluoro (2’-F) or 2’–o-methyl (2’OMe), the low energy channels are inhibited and therefore other backbone
cleavage pathways become competitive. Various fragmentation channels were
observed as demonstrated in Figures 4.2c and 4.2d. At least 70% sequence
coverage is achieved by ion trap CID for all of the modification states of 55664
and 55665 samples (Figure 4.5), indicating that ion trap CID may be fairly
effective in characterizing oligonucleotides with only one type of sugar moiety.
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4.3.2 Ion Trap CID of Oligonucleotide Mix-mers
It is relatively straightforward to characterize uniformly 2’-modified
oligonucleotides due to the simplicity of the backbone. When the oligonucleotide
sequences have more than one type of functional sugar groups, it can be
expected that preferential cleavages will happen at the modification sites with the
most facile dissociation pathways. To confirm this type of cleavage preference,
three oligonucleotide mix-mers with DNA moieties and one oligonucleotide mixmer with no DNA moieties were subjected to ion trap CID under the same
experimental conditions. Figure 4.6 shows the fragment ion maps from ion trap
CID of the four oligonucleotide mix-mers. Backbone cleavages are almost
exclusively limited to the 3’-side of the DNA residues when DNA residues are
present in the sequence (Figure 4.6a-c), and the sequence coverage are 41%,
32% and 32%, respectively. For the oligonucleotide mix-mer with no DNA
residues, dissociation is more evenly distributed across the backbone (Figure
4.6d). 16 out of the 20 applicable linkages are cleaved, generating a sequence
coverage of 80% for this molecule. This experiment suggests that 2’-OH, 2’-F
and 2’-OMe modified backbones have comparable fragmentation threshold
during the ion trap CID event, where the 2’-H backbone is less stable and thus
gives rise to a more competitive dissociation pathway. As a summary, we have
found that the ion trap CID of multiply deprotonated anions is very effective in
characterizing oligonucleotides that do not contain any DNA moieties. And for
oligonucleotide mix-mers with DNA moieties, ion trap CID might not be able to
provide good sequence coverage.
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4.3.3 NET-CID and Ion Trap CID of Oligonucleotide Mix-mers
Previous studies have shown that CID of modified oligonucleotide radical
anions generates sequence information with little apparent preference for
modification state12, and the radical-directed dissociation mechanism does not
involve the 2’-substitution. Therefore, we proceed to examine the utility of NETCID in characterizing oligonucleotide mix-mers, especially for those that contain
DNA moieties. Specifically in this study, we generated radical anions by reacting
multiply-charged oligonucleotide anions with rubrene radical cations in the gas
phase. Rubrene was chosen as the negative electron transfer reaction reagent
because it can be generated as a radical cation via electrospray. This
significantly simplifies the instrument set-up by having both ion sources being
nano-electrospray.
Two representative oligonucleotide mixers, 2’- (F, H) 55664 and 2’- (F, OH,
OMe) 55665 (Table 4.1) were selected to demonstrate the universal
fragmentation pattern of NET-CID process. When 200 ms reaction time was used
for the 9- charge state of sequence 55665 that contain 2’-OH, 2’-F, and 2’-OMe
in sugar moiety, we observed multiple charge reduced products ([M-9H]8-·, …)
and rubrene adducted peaks (Figure 4.7). The radical anion generated via single
electron transfer ([M-9H]8-·) was selected for collisional activation, and the
resulting MS/MS is shown in the Figure 4.8d. In this case, we observed 102
fragment peaks for NET-CID, where 26 peaks matched theoretical gas phase
fragment ions within 100 ppm (Table 4.2), and 23 of them matched to the d and
w typed ions. It is noted that c/y-fragments are also observed in the NET-CID
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spectrum (Figure 4.8d), which are most likely generated by exciting the evenelectron species from proton transfer processes. Therefore, d/w fragments
constitutes the major channel for NET-CID fragmentation.
As shown in Figure 4.8a, the sequence coverage obtained from ion trap
CID of [M-8H]8- 55665 is 80%. This number can increase to 85% if multiple
charge states are investigated. However, if information from both CID spectra of
the even-electron (Figure 4.8a) and radical species (Figure 4.8b) are combined,
100% sequence coverage can be achieved. These data suggested that the NETCID provides additional fragment channels that are complementary to ion trap
CID. When combining both techniques, we are able to achieve very high (in this
case 100%) sequence coverage.
The NET-CID method was also applied to the 2’-(F, H) 55664
oligonucleotide, where only 27% sequence coverage has been achieved when
performing IT-CID study alone (Figure 4.9a). Totally, 48 peaks were observed in
the NET-CID (Figure 4.9d), and 26 peaks matched theoretical gas phase
fragment ions within 100 ppm (Table 4.3), and 14 of them matched expected
d/w-ions. As shown in Figure 4.9d, d/w-fragments constitute the main
dissociation products with randomly distributed a/z-fragments also present, and
no preferential backbone fragmentation channel is observed. The sequence
coverage was improved from 27% (Figure 4.9a) to 64% (Figure 4.9b) for the
same charge state. Interestingly, the NET-CID of [M-7H]7-, [M-8H]8- and [M-9H]9of 2’-(F, H) 55664 generate 59%, 64%, 64% sequence coverage, respectively,
and we found that their cleavage sites are located on different phosphodiester

118
linkages (Figure 4.10). This indicates that the NET-CID is affected by the
precursor ion charge state, and therefore performing NET-CID on more than one
charge states may provide even greater sequence information. To confirm this,
we examined the NET-CID of charge states 5- to 9-, and found that combining
the information from the 7- to 9- charge states results in a total sequence
coverage of 95% (Figure 4.10). The 5- and 6- charge states do not provide any
additional sequence information.
From the NET-CID of the studied oligonucleotides, it is apparent that the
entire sequence of the oligomer usually cannot be generated by simply
performing one experiment with a single charge state, despite the lower
sensitivity to 2’-modification states in the odd-electron ions. Other variables, such
as gas phase secondary structure and charge site location, may also play
important roles.

The fact that complementary information is obtained from

different charge states strongly suggests that such variables are in play. As
there are many variables associated with the size of oligonucleotides, it is hardly
surprising that the examination of several ion-types (e.g., odd-electron, evenelectron or different charge states) leads to the greatest opportunity for
generating higher sequence coverage.

4.4

Conclusions

The identification and complete sequence characterization of highly
modified oligonucleotides remains a challenging problem largely due to the
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diversity of modification states along the backbone. IT-CID, an extensively
utilized activation approach for mass spectrometric sequencing, has proved to be
limited to some specific modification combinations in even-electron anions, and
the achievable sequence coverage is particularly low when DNA residues are
present (largely due to the highly favorable base loss channel associated with
deoxyribose). In this report, we have shown that the NET-CID (that entails ITCID of odd-electron anions) is less sensitive to modification states in
oligonucleotides with modified sugars. In the case of oligonucleotides mix-mers
with DNA residues (55664), NET-CID can serve as an efficient method to break
the DNA as well as non-DNA backbone. Although NET-CID on a single charge
state only provides 56-64% sequence coverage, we are able to achieve 95%
sequence coverage when combining the MS/MS data from 7-, 8-, and 9- charge
states. Indeed, our data suggest that it is desirable to probe different charge
states for both even-electron and odd-electron precursor ions to generate the
most complete sequence coverage.

In summary, we found that the even-

electron and odd-electron ions fragment along the backbone by distinct
mechanisms that showed distinct sensitivities to the 2’-modification states. This
work demonstrates the NET-CID can serve as a part of valuable toolkits to
provide high sequence coverage for heavily modified synthetic oligonucleotides.
And we believe that such detailed characterization will serve as an important
assay to control the quality of therapeutic oligonucleotides, especially for those
that are produced under GMP regulations and will eventually be used in clinical
studies.
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This chapter was reprinted with permission from Gao, Y., Yang, J., Cancilla,
M. T., Meng, F., McLuckey, S. A. Top-Down Interrogation of Chemically Modified
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Figure 4.1 Chemically modified nucleotide residues.
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Figure 4.2 Product spectra from ion trap CID of (a) 2’-H 55664; (b) 2’-OH 55664;
(c) 2’-F 55664; (d) 2’-OMe 55664 with 475mV dipolar excitation at 115kHz
frequency. –BH and –B- peaks represent neutral and charged base losses. +P
peaks indicate [M-9H+plasticizer]9-, which is formed by ion/molecule reactions
when the oligonucleotide anions are exposed to the plasticizer present in the
vacuum housing.
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Figure 4.3 Product spectra from ion trap CID of (a) 2’-H 55665; (b) 2’-OH 55665;
(c) 2’-F 55665; (d) 2’-OMe 55665 with 475mV dipolar excitation at 115kHz
frequency.
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Figure 4.4 Ion trap CID of 2’-H 55664 with supplemental activation applied to the
base loss peaks.
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Figure 4.5 Backbone fragmentation summary for the ion trap CID of uniformly 2’modified oligonucleotides. (a) Fragment nomenclature with color coding.
Fragmentation summary for (b) 2’-H 55664; (c) 2’-OH 55664; (d) 2’-F 55664; (e)
2’-OMe 55664; (f) 2’-H 55665; (g) 2’-OH 55665; (h) 2’-F 55665; (i) 2’-OMe 55665.
The percentages are calculated sequence coverage.
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Figure 4.6 Fragment ion map from IT-CID of [M-9H]9- of (a) 2’-(H,OH) 55664; (b)
2’-(H,OMe) 55664; The percentages are calculated sequence coverage. (c) 2’(F,H) 55664 and (d) 2’-(F,OH,OMe) 55665 with 475mV dipolar excitation at
115kHz frequency. (See key in Figure 4.5 for the fragment types.)
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Figure 4.7 Product spectrum from ion/ion reaction between [(2’-(F,H) 55664)9H]9- and [rubrene]+•. +P represents plasticizer adduction to the peak on the left.
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Figure 4.8 Fragment ion map from IT-CID of (a) [M-8H]8- and (b) [M-9H]8-• of 2’(F,OH,OMe) 55665with 475mV dipolar excitation at 115kHz frequency. The
percentages are calculated sequence coverage. (c) Product spectrum of [M-8H]8of 2’-(F,OH,OMe) 55665. (d) Product spectrum of [M-9H]8-• of 2’-(F,OH,OMe)
55665. (See key in Figure 4.5 for the fragment types in a and b.)
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Figure 4.9 Fragment ion map from ion trap CID of (a) [M-8H]8- and (b) [M-9H]8-• of
2’-(F, H) 55664 with 475mV dipolar excitation at 115kHz frequency. The
percentages are calculated sequence coverage. Product spectra from IT-CID of
(c) [M-8H]8- and (d) [M-9H]8-• of 2’-(F,H) 55664.
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Figure 4.10 Backbone fragmentation summary for the NET-CID of 2’-(F, H)
55664. Charge state 5-• and 4-• were also investigated but did not provide further
information.
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Table 4.1 Summary of the oligonucleotide sequences used in this study.
Name

Sequencea

2’-H 55664

5’iBdCdCdAdGdGdGdCdGdAdUdGdCdCdUdUdCdC
dAdUdTdTiB-3’

2’-OH 55664

5’iBrCrCrArGrGrGrCrGrArUrGrCrCrUrUrCrCrArUrT
rTiB-3’

2’-F 55664

5’-iBfCfCfAfGfGfGfCfGfAfUfGfCfCfUfUfCfCfAfUfT
fTiB-3’

2’-OMe 55664

5’- iBmCmCmAmGmGmGmCmGmAmUmGmCmC
mUmUmCmCmAmUmTmTiB-3’

2’-H 55665

5’dAdUdGdGdAdAdGdGdCdAdUdCdGdCdCdCdUd
G
dGdUdU-3’

2’-OH 55665

5’-rArUrGrGrArArGrGrCrArUrCrGrCrCrCrUrGrGrU
rU-3’

2’-F 55665

5’-fAfUfGfGfAfAfGfGfCfAfUfCfGfCfCfCfUfGfGfU
fU-3’

2’-OMe 55665

5’mAmUmGmGmAmAmGmGmCmAmUmCmGmC
mCmCmUmGmGmUmU-3’
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Table 4.1, continued
Name

Sequencea

2’-(F,H) 55664

5’-iBfCfCdAdGdGdGfCdGdAfUdGfCfCfUfUfCfCdA
fUdTdTiB-3’

2’-(H, OH) 55664

5’-iBrCrCdAdGdGdGrCdGdArUdGrCrCrUrUrCrCdA
rUdTdTiB-3’

2’-(H, OMe) 55664

5’iBmCmCdAdGdGdGmCdGdAmUdGmCmCmUmU
mCmCdAmUdTdTiB-3’

2’-(F,OH, OMe) 55665

5’-rArUrGmGmAmAmGmGfCmAfUfCmGfCfCfCfU
mGmGmUmU-3’

a.The modifications on the 2’ of sugar moiety are indicated: “m” represents the
2’-O-methyl modification, “f” stands for the 2’-fluoro modification, “d” indicates a
deoxyribonucleotide, and “r” indicates a ribonucleotide, iB stands for inverted
abasic (Supplementary figure 4).
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Table 4.2 Comparison of experimental fragment data with theoretical fragments
(Figure 4.9d in the main body)

ion-type
c1
c2
c3
c7
y3
y14
d1
d2
d3
d5
d6
d15
d17
d18
d19
d20
w1
w2
w3
w12
w14
w15
w18
w19
w20
a2
a18
z8

Charge state
1123151122356777112555677163-

exp.
328.0232
634.0265
489.0119
793.7327
936.1033
900.6833
346.0330
652.0332
498.0266
849.0702
680.0388
998.8531
934.7052
852.4801
903.6687
949.4686
337.0375
657.0252
507.5475
783.5355
916.6509
988.4503
997.9018
904.3737
948.1752
554.1001
978.2584
834.8205

cal.
328.0445
634.0698
489.0546
793.7879
936.1751
900.7255
346.0551
652.0804
498.0599
849.1256
680.1038
998.9444
934.7953
852.4038
903.6986
949.4187
337.0430
657.0840
507.5969
783.4999
916.7199
988.5325
997.8090
904.4134
948.1313
554.1035
978.3097
834.7812

accuracy (ppm)
64.93021526
68.28901171
87.31131452
69.53998669
76.69505416
46.85112168
63.86266233
72.38371219
66.85942795
65.24358705
95.57364626
91.39647812
96.38473792
-89.51156717
33.08625243
-52.55847604
16.31839261
89.48627573
97.32131934
-45.43714683
75.26835623
83.15356349
-93.00377126
43.89585559
-46.30160401
6.136037762
52.43738256
-47.07820444
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Table 4.3 Comparison of experimental fragment data with theoretical fragments
(Fig. 4.9d in the main body).

ion-type
d4
d4
d5
d6
d8
d9
a5
a7
a9
a11
a17
a21
w3
w4
w13
w16
w17
w18
w19
w21
w22
z12
z14
z17
z18
z19

Charge state
12223322346722555677845666-

exp.
cal.
accuracy (ppm)
1124.066 1124.153
77.12473302
561.5204 561.5725
92.77519822
726.042 726.0988
78.22626893
890.5583
890.625
74.89122807
805.3988 805.4438
55.86981984
915.0933
915.128
37.91819286
677.0945 677.1103
23.33445526
1006.09 1006.1628
72.75164616
882.4257
882.469
49.0668794
816.8537 816.8694
19.2197186
855.2673 855.2779
12.39363253
908.9881 908.9744
-15.07193162
402.0511 402.0524
3.233409376
556.0249 556.0629
68.33759274
780.6377 780.6846
60.07547734
970.4782
970.514
36.88766983
1036.277 1036.3245
45.54557959
918.2047 918.2778
79.60553985
833.891 833.9588
81.29898024
922.5198 922.5437
25.90663185
845.4901 845.4794
-12.65554193
874.549 874.6068
66.0868404
823.6838 823.6996
19.18175024
847.0562 847.1053
57.96209751
901.8632 901.9474
93.3535592
956.7684 956.7895
22.0529176
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CHAPTER 5. INTRAMOLECULAR GAS PHASE CROSSLINKING OF
UBIQUITIN ANALOGUES GENERATED BY SITE-DIRECTED
MUTAGENESIS

5.1

Introduction

Mass spectrometry has long been applied to the study of protein structure
characterization ever since the advent of electrospray ionization (ESI)
matrix assisted laser desorption ionization (MALDI)

3, 4

1, 2

and

. Generally, primary

protein structures can be probed by various collisional, photon-based, and
electron-based activation methods, generating sequence-informative fragment
ions. Specifically, collision-induced dissociation (CID)

5, 6, 7

, surface-induced

dissociation (SID) 8, 9, infrared multiphoton dissociation (IRMPD) 10, 11, ultraviolet
photodissociation (UVPD)

12, 13, 14

, electron capture dissociation (ECD)

15, 16, 17

and electron transfer dissociation (ETD)18, 19, 20 have been extensively applied in
the

field

of

protein/peptide

sequencing,

characterization

and

top-down

proteomics.
Comparing to the well-established application in primary structure
characterization, using mass spectrometry to unravel higher order structure of
protein and protein complexes is still a challenging area in this field21. Most A
number of approaches have been used to obtain information from the mass
spectrometry data, i.e. fragmentation pattern 22, 23, 24, 25, 26 , hydrogen/deuterium
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exchange (HDX)27, 28, 29, ion mobility spectrometry (IMS)30, 31, 32, 33, 34, 35, 36, 37, 38,
and chemical crosslinking 39, 40, 41, 42, etc. Comparing to the traditional methods
like X-ray crystallography and nuclear magnetic resonance spectroscopy (NMR),
these mass spectrometric approaches provide relatively lower resolution and
regional information 43 . However, they are more tolerant in terms of sample
concentration and purity, providing low-resolution structure information with
significantly less sample (2-3 orders of magnitude lower than NMR or
crystallography by using chemical crosslinking mass spectrometry) and faster
experimental turnaround times44.
Among the aforementioned techniques, chemical crosslinking mass
spectrometry has become increasingly popular in the past decade. Various
chemical crosslinkers have been developed to map 3D protein structures and
protein-protein interactions39, 43, 44. Many of the crosslinkers are designed to be
reactive towards particular amino acid residues, i.e. amine, sulfhydryl or under
photoactivations. Generally, chemical crosslinking analysis of a protein or protein
complex involved formation of covalent bonds between the protein and the
crosslinker so that the interaction between two amino acid residues close in
space is preserved. After locking in the distance between two amino acid
residues, two alternative strategies are available in principle, which are
commonly referred to as bottom-up and top-down approaches, to obtain the
proximity information from mass spectrometry data. In the bottom-up procedure,
the crosslinked protein is enzymatically digested and mass spectrometric
identification of the crosslinked peptides is performed. MS/MS study of the
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crosslinked peptides allows for the localization of the crosslinking sites. Since the
chemical crosslinkers have distance constraints and can bind specifically to
certain functional groups, 3D structure information can therefore be deduced
from the identified crosslinking sites 45 . The alternative top-down approach
analyzes intact crosslinked proteins or protein complexes

46

. Gas phase

unimolecular dissociation of the crosslinked products gives rise to fragment ions
that may or may not carry the crosslinks. Similarly to the bottom-up approach, the
crosslinking sites can be deduced from the fragment mass shifts comparing to
the fragments from non-crosslinked counterparts, and the 3D structural
information can thus be obtained.
We

have

recently

demonstrated

the

chemical

crosslinking

mass

spectrometry study of ubiquitin using gas phase ion/ion reaction with
homobifunctional sulfo-NHS esters42. The results provided evidence of
crosslinking, and thus proximity, of lysine 27- lysine 29 (K27-K29) and lysine 48lysine 63 (K48-K63). However, the proximity analysis of K33 and the other
lysines are still not clear due to information redundancy in the crosslinked
fragment ions. In order to acquire information from the redundant fragment ions,
ubiquitin mutants have been used in this study, in which a known crosslinking
site is selectively mutated to a non-reactive residue. Moreover, chemical
crosslinkers with various arm lengths have been used to obtain more accurate
measurement of the proximity between certain lysine residues.
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5.2

Experimental Section

5.2.1 Materials
Glacial acetic acid and methanal were purchased from Mallinckrodt
(Phillipsburg, NJ, USA). Ubiquitin from bovine erythrocytes and ubiquitin mutant
(Ub_K29R) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other
ubiquitin mutants (Ub_K27R, K48R and K63R) were obtained from Boston
Biochem (Cambridge, MA, USA). The chemical crosslinkers (ethylene glycol
bis[sulfosuccinimidylsuccinate] (sulfo-EGS), bis[sulfosuccinimidyl] suberate (BS3),
and bis[sulfosuccinimidyl] glutarate (BS2G)) were purchased as the sodium salt
from Thermo Fisher Scientific Inc. (Rockford, IL, USA). Amberlite cation
exchange resin was obtained from Supelco (Bellefonte, PA, USA). The
crosslinkers were treated with cation exchange resin to replace the sodium
counterions with protons. Ubiquitin/mutant solutions were made 20 μM in 50/50/1
water/methanol/acetic acid (vol/vol/vol). The reagent was dissolved in water at a
concentration of approximately 1mM.

5.2.2 Apparatus and Procedures
All gas phase crosslinking reactions were performed using a QTRAP 4000
hybrid triple quadrupole/linear ion trap mass spectrometer (AB Sciex, Concord,
ON, Canada) modified to allow for ion/ion reaction studies47. A home-built pulsed
dual nano-electrospray (nESI) source was coupled directly to the nanospray
interface to produce ions of both polarities. The NHS chemistry in the gas phase
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has been previously described48,49 and has been adapted on the QTRAP 4000
instrument. In a typical gas phase crosslinking experiment, ubiquitin or mutant
cations and reagent anions were sequentially introduced and trapped in the q2
collision trap, followed by a 200ms mutual storage period to allow ion/ion reaction,
forming electrostatic complexes between the protein cation and crosslinker anion.
The products were transferred to Q3 for RF/DC isolation as well as further ion
trap CID. The crosslinking reaction was noted by a sequential loss of two neutral
sulfo-NHS moieties, each one of which indicates an amide bond formation
between the linker arm and the basic residue on the protein. Then, the
crosslinked protein was subjected to further fragmentation via ion trap CID, giving
rise to the crosslinked fragment ions and pinpointing the possible crosslinking
sites. All ion trap CID were performed at q=0.2 with an amplitude of 50-100 mVp-p
over a period of 200 ms.
The solution phase crosslinking reaction was performed following the
procedure provided by ProteoChem Inc50. (Denver, CO, USA). Sample desalting
was performed using PD-10 desalting columns (GE Healthcare, Pittsburgh, PA,
USA). The reaction mixtures were separated using a reverse-phase HPLC
(Agilent 1100, Palo Alto, CA) equipped with an Aquapore RP-300 (7μm pore size,
100mm×4.6mm i.d.) column (Perkin-Elmer, Wellesley, MA). Tandem MS/MS of
the crosslinked proteins were performed using a modified QqTOF mass
spectrometer (QSTAR, AB Sciex, Concord, ON, Canada).
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5.3

Results and Discussions

Gas phase intramolecular crosslinking of ubiquitin has been previously
demonstrated using a homobifunctional NHS crosslinker – sulfo-EGS42 (Scheme
5.1). The general procedure and findings have been summarized as follows: (1)
CID product spectrum of crosslinked ubiquitin is compared with the one of
unmodified species. Any fragment ion with the crosslinker modification will have
a +226 Da (+[sulfo-EGS]--2[sulfo-NHS]) mass shift comparing to the unmodified
fragment ion. (2) For the crosslinked fragment ions, reactive residues (lysines, Nterminus and possibly arginines) are identified. For instance, crosslinked b32
(Scheme 5.2 and Figure 5.1) indicates Lys 27 and Lys 29 (K27 and K29) are
crosslinked (Previous data suggested that N-terminus, K6 and K11 are not
reactive towards NHS chemistry in the gas phase 42). (3) Consequently, K27-K29
and K48-K63 have been identified as being crosslinked by sulfo-EGS, indicating
that K27-K29 and K48-K63 residues are within 16.1 Å range in the 3D
configuration of 7+ ion of ubiquitin.
However, this approach has its limitations that most crosslinked fragment
ions are redundant and therefore not informative on the crosslinking sites. For
example, crosslinked b34 ion has three reactive residues (K27, K29 and K33). It
has already been demonstrated that K27 and K29 can be crosslinked. Thus,
there is no direct evidence to determine whether or not K27-K33 or K29-K33 are
crosslinked. Similarly, the distance between K33 to K48 or K63 cannot be
justified using the crosslinked fragments due to the redundancy of the data. In
order to eliminate the ambiguity in the information derived from the crosslinked
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fragment ions, site-directed mutagenesis was applied to selectively swap an
ambiguous lysine residue (i.e. K29) with an arginine residue (i.e. R29). For the
charge states examined in this study, all arginines are protonated and therefore
not reactive towards NHS chemistry. Thus, the previously non-informative
crosslinked fragment ions (i.e. b34) can become informative due to the fact that
there are only two reactive sites within b34 (K27 and K33).

5.3.1 Gas Phase Intramolecular Crosslinking of Ubiquitin Mutants
Fragmentation pattern shown in Scheme 5.2 suggested that the relationship
between K33 and the other lysines (K27, K29, K48 and K63) are unclear due to
the fragment redundancy. To measure the proximity between K33 and other
lysines, K27, K29, K48 and K63 are substituted with arginines, respectively. Two
assumptions are made here: (1) the substitution of a lysine residue by arginine
does not significantly alter the gas phase configuration of the protein at given
charge state. (2) The fragmentation pathways do not change as a result of the
site-directed mutagenesis. The first assumption was confirmed by the similarity
between the charge state distributions in the nESI spectra of ubiquitin and the
mutants. The second was supported by the identical ion trap CID spectra of the
natural and mutant proteins. For each mutant, b32/y44, b34/y42, b39/y37 fragment ion
pairs are monitored to localize the crosslinks.
Figure 5.2 shows the product ion spectra resulting from ion trap CID of
crosslinked 6+ ions of ubiquitin and ubiquitin K29R mutant. Most of the fragment
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ions are identical, including modified and unmodified b34/y42 and b39/y37 fragment
ion pairs. However, both modified and unmodified b32/y44 fragments were
observed for crosslinked ubiquitin ions ([Ubiq+6H++*]6+) (Figure 5.2a), whereas
only modified y44 and unmodified b32 were seen in the product ion spectrum of
[Ubiq_K29R+6H++*]6+ ions (Figure 5.2b). Because K29 is replaced by R29 in this
mutant, b32 only contains one reactive site (K27) and therefore cannot be
crosslinked. The absence of crosslinked b32 also confirms the previous finding
that K6, K11 and the N-terminus of ubiquitin are not available for gas phase NHS
chemistry in the charge states investigated. The facts that b34, b36, and b39 still
show up in the form of crosslinked species indicate that K33 and K27 are
crosslinked by sulfo-EGS, suggesting that K33 and K27 are within 16.1 Å range
in the 3D configuration. The absence of an unmodified y44 ion further confirmed
that there is no crosslink occurring N-terminal to K33.
To narrow down the distances between the lysines, chemical crosslinkers
with shorter linker arms are used (Scheme 5.1). Specifically, BS3 (11.4 Å) and
BS2G (7.7 Å) are introduced to effect ion/ion reactions with ubiquitin (Figure 5.3).
For the BS3 crosslinker, the modified fragment ions show a mass shift of 138 Da
from the unmodified counterparts, whereas for the BS2G crosslinker, there is a 95
Da mass difference between the crosslinked and non-crosslinked fragment ions.
In all cases, the ion trap CID of the crosslinked protein cations showed no
significant differences by using difference crosslinkers. The product spectra are
almost identical in terms of backbone cleavages as well as the modifications on
the fragments. The fragment b32, appears in both crosslinked and unmodified
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forms, indicating the presence of a mixture of structures. The crosslinked b32 ion
indicates that K27 and K29 are within 7.7 Å range in the 3D configuration of
ubiquitin 7+ ion. Similarly, the crosslinked y37 ion suggests that K48 and K63 are
within the distance that can be crosslinked with BS2G. This further restricts the
dimensions of the ubiquitin ion and provide more precise measurement of its 3D
structure.
For other ubiquitin mutants, BS2G was used as crosslinker in order to
achieve higher measurement sensitivity towards the structure. Figure 5.4 shows
the ion trap CID product ion spectra from ubiquitin mutants crosslinked by BS2G.
For ubiq_K48R, no crosslinked y-ions are observed up to y42 (Figure 5.4a).
Similarly, b34 and b39 are only detected in crosslinked form. This indicates that
two crosslinking anchors are not available C-terminal to K33 (cleavage of the
amide bond C-terminal to K33 gives rise to b34/y42 fragment ion pair). Because
K48 is replaced with R48 in this mutant, the only possible reactive site is the
remaining K63, making y42 not able to be crosslinked. The first crosslinked y-ion
(counting from the C-terminus) is y44, and b32 is the first b-ion (counting from the
N-terminus) that has both crosslinked and unmodified forms. The difference
between y44 and y42 is K33-E34 (Scheme 5.2). Since glutamic acid is known as
not reactive towards NHS chemistry, the additional lysine residue is where the
crosslinking takes place. Thus, K33 and the remaining K63 are crosslinked by
BS2G as indicated by the crosslinked y44. Similarly, no crosslinked y37 and y42 are
both observed in crosslinked and unmodified form in the CID spectrum of
crosslinked ubiquitin_K27R (Figure 5.4b), whereas y44 only shows as crosslinked
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species. The solely crosslinked y44 can be rationalized in that there is only one
reactive lysine N-terminal to K33, and therefore, it is impossible to have a
crosslinked b32/unmodified y44 fragment ion pair. The crosslinked b34 and
unmodified y42 suggest that K33 and K29 are within 7.7 Å range in the 3D protein
structure. Likewise, the crosslinked b32 and unmodified y42 in Figure 5.4c provide
evidence that K33 and K48 are crosslinked by BS2G.
Based on the information provided by gas phase intramolecular crosslinking
the ubiquitin mutants, together with the result from ubiquitin crosslinking42, 18 of
the 28 unique potential crosslinking combinations can be eliminated while 6
specific crosslinks mentioned above are strongly indicated. Results for the 7+
charge state are summarized in Table 5.1.

5.3.2 Solution Phase Intramolecular Crosslinking of Ubiquitin
Solution phase crosslinking of ubiquitin has been performed as a
comparison to the gas phase crosslinking experiments. As shown in Figure 5.5,
the fragmentation patterns (crosslinked and unmodified) in both cases are almost
identical except for a few fragments. The fragment ions are not only identical in
mass-to-charge ratios but also similar in relative intensities. The indications of the
crosslinks on the protein cations are also the same, suggesting similarity in the
3D structures of solution phase ubiquitin and 7+ ubiquitin cation.
It is noted that the crosslinked y182+ ion is the outlier in the gas phase
crosslinking spectrum (Figure 5.5a), which is not seen in the solution phase
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crosslinking spectrum. The y18 fragment sequence has primary amine sites
including two arginines, one lysine, one histidine and the N-terminus. Since it has
two charges, the arginines are most likely to be solvated by protons. Because the
histidine has significantly lower reactivity towards NHS chemistry than lysine and
N-terminus, the possibility that it acts as a crosslink anchor is very low. Ion trap
CID of the crosslinked y18 ion shows crosslinked b14 and b16 fragments, whereas
y12 and y4 fragments are not crosslinked (Figure 5.6). The unmodified y12 and y4
indicate that neither arginine nor histidine is crosslinked. Additionally, the
crosslinked b14 and b16 fragments suggest that the crosslinking occurs between
the lysine and the newly formed N-terminus. The mechanism for crosslinking
between a lysine and an N-terminus formed in the process of CID is shown in
Scheme 5.3. During the ion/ion reaction, an electrostatic complex is formed
between the protein cation and crosslinker anion. The first step CID results in the
covalent bond formation between the lysine and the crosslinker, with the
signature loss of neutral sulfo-NHS, and the amide bond cleavage between the
aspartic acid (D) and the tyrosine (Y). However, the two peptide fragments (b58
and y18) still stick together due to the electrostatic interaction between the
sulfonate and the basic residue. The second step CID drives the reaction
between the newly formed N-terminus of the y18 and the other end of the
crosslinker. Then, the third step CID separate the crosslinked y18 ion and the
unmodified b58 ion. This process is only possible in the gas phase reaction
because the NHS chemistry is driven by the collisional activation, which can also
lead to backbone cleavages. The solution phase reaction, on the other hand, is
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driven by basic solution environment which does not disrupt the protein primary
structure.

5.4

Conclusions

Intramolecular crosslinking of ubiquitin muntant cations in the gas phase
has been demonstrated using several homobifunctional crosslinking reagents
with different linker arm length. Ion/ion reactions have been performed using a
multiply charged protein cation with singly deprotonated sulfo-NHS crosslinking
reagent, which lead to the formation of an electrostatic complex that can form
covalent crosslinks between reactive sites (i.e., unprotonated primary amines
and guanidine groups) located within distance constraint of the crosslinker.
Ubiquitin mutants generated by site directed mutagenesis are used to extract
information from the redundant fragment ions. For the 7+ charge state examined
in this study, 18 of 28 possible crosslinking combinations could be ruled out and
crosslinks between K27-K29 as well as K48-K63 are confirmed. Moreover, there
is strong evidence supporting four additional crosslinks (K27-K33, K29-K33, K48K33 and K63-K33) on the basis of ion trap CID of the ubiquitin mutants. These
results indicate that in combination with site-directed mutagenesis, gas phase
intramolecular covalent crosslinking of protein ions is able to provide specific
proximity information with respect to the surface basic residues. This approach
may therefore provide information that complements the information provided by
other approaches, such as ion mobility, H/D exchange, etc.
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Scheme 5.1 Structure and linker arm lengths of the crosslinker anions.
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Scheme 5.2 Summary of major amide bond cleavages from the 7+ ions of
ubiquitin crosslinked by [sulfo-EGS]1-. The asterisk (*) indicates crosslinked
fragment ions. The purple traces indicate that K27-K29 and K48-K63 are proved
to be crosslinked by sulfo-EGS.
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Scheme 5.3 Mechanism of crosslinking between the lysine residue (labeled in
red) and the N-terminus formed via CID.
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Figure 5.1 Unimolecular dissociation to determine crosslinked sites. +* Indicates
a covalently attached crosslinker (+ [sulfo-EGS]1- - 2[sulfo-NHS]). (a) CID of [M +
7H+ +*]6+. (b) CID of [M + 6H]6+.
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Figure 5.2 Ion trap CID product spectra of (a) [Ubiq+6H++*]6+ and (b)
[Ubiq_K29R+6H++*]6+. +* indicates a covalent attached crosslinker (+[sulfoEGS]-2[sulfo-NHS]). The crosslinked fragment ions are noted in red.
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Figure 5.3 Ion trap CID product spectra of (a) [Ubiq+7H++[sulfo-EGS]--2[sulfoNHS]]6+, (b) [Ubiq+7H++[BS3]--2[sulfo-NHS]]6+ and (c) [Ubiq+7H++[BS2G]--2[sulfoNHS]]6+. +* indicates a covalent attached crosslinker. The crosslinked fragment
ions are noted in red.
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Figure 5.4 Ion trap CID product spectra of (a) [Ubiq_K48R+6H++*]6+, (b)
[Ubiq_K27R+6H++*]6+ and (c) [Ubiq_K63R+6H++*]6+. +* indicates a covalent
attached crosslinker (+[BS2G]-2[sulfo-NHS]). The crosslinked fragment ions are
noted in red.
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Figure 5.5 Ion trap CID product spectrum of BS2G crosslinked ubiquitin ion
[M+6H++*]6+ formed via (a) gas phase reaction; (b) solution phase reaction.
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Figure 5.6 Ion trap CID product ion spectrum of crosslinked y182+ ion. The
crosslinked fragments are labeled in red. The inset ladder structure shows the
cleavage sites the proposed crosslinking sites.
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Table 5.1 Possible locations of crosslinkers. Half of the possibilities are removed
due to redundancy (--). X indicates links ruled out due to experimental results.
K27-K29, K48-K63, K27-K33, K29-K33, K48-K33 and K63-K33 have been
experimentally determined by the given modified sequence ions. Question marks
represent possibilities that cannot be ruled out by the gas phase crosslinking
approach.
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CHAPTER 6. THE EFFECTIVE HIGH MASS CUTOFF OF THE DIPOLAR DC
EXPERIMENT AND ION EVAPORATION KINETICS

6.1

Introduction

Mass spectrometry has been widely applied in the field of analysis of large
biomolecules, including proteins and nucleic acids, due to the advent of
electrospray ionization (ESI) 1 . Accurate mass determination of the molecular
weights of the biomolecules can be achieved with high resolution mass analyzers,
i.e. time-of-flight (TOF), Fourier transform ion cyclotron resonance (FT-ICR) and
orbitrap. Ions generated by electrospray can sampled by various mass
spectrometer interfaces such as heated capillary2 or nozzle-skimmer3 interfaces.
The interfaces are designed in such ways that can sample ions from the
supersonic jet expansion4 between atmospheric pressure and the intermediate
vacuum. Specifically, the solvent in ESI droplets rapidly evaporates during the
passage through the instrument interface, and ions are thus formed from
complete desolvation.5, 6 However, the particles are cooled within the expansion,
allowing for clustering to occur if there are any solvent molecules present in the
expansion region. Therefore, if the ESI droplets are not completely desolvated
before introduction into vacuum, clusters of analyte ions, solvent and other
components in the sample solution can form during the supersonic expansion
period, resulting in heavily adducted and poorly resolved peaks in the mass
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spectrum. This will inevitably hinder accurate mass determination and poor
sensitivity because the ions signal is spread over a broad mass-to-charge (m/z)
range.
Several approached have been developed to eliminate the clustering effects.
Among them, counter-current flow of dry gases7 and in source heating capillary8
are two most commonly used methods on commercial instruments. Recently, we
have implemented dipolar DC collisional activation in the RF-only ion guide of a
linear ion trap/TOF instrument for gaseous bio-ion declustering.9 The dipolar DC
(DDC) heating technique has been demonstrated to be an effective means of
declustering protein and nucleic acid samples prior to mass analysis. However,
there is in theory a limitation at higher m/z associated with this method. In a
typical DDC experiment, the ions are displaced away from the center of the trap
and therefore be activated due to the exposure to the quadrupole RF field. The
displacement is proportional to the m/z of the ions, so ions with higher mass-tocharge ratio have greater displacement from the center. There is a certain limit
where the high m/z ions are moved so far that they can no longer be trapped by
the RF field. This constitutes the so-called high mass cut off (HMCO), which
potentially limits the application of the dipolar DC declustering for large
biomolecules. The displacement for a given m/z ion is related to both quadrupole
RF amplitude and the DDC applied. Theoretically, the parameters can be tuned
to increase the high m/z limit while compromising the low m/z limit. Such
hypothesis is tested with ion evaporation kinetics of Cs+ ions and HMCO
measurement of Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) ions.
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6.2

Experimental Section

6.2.1 Materials
Cesium iodide (CsI) and leucine encephalin acetate salt hydrate (YGGFL)
were purchased from Sigma-Aldrich (St. Louis, MO). Ubiquitin carboxy-terminal
hydrolase L1 (UCH-L1) was provided by Chittaranjan Das Research Group.
Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg,
NJ, USA).

10 μM solutions of UCH-L1 and YGGFL were made in 50/50/1

water/methanol/acetic acid (vol/vol/vol). 1 mM CsI solution was used in 50/50
water/methanol.

6.2.2 Apparatus and Procedures
All MS/MS experiments were performed on a QqTOF mass spectrometer
modified to allow for application of dipolar DC in X direction of the quadrupole
collision cell. 10

(QStar XL, AB Sciex, Concord, ON, CA).

The instrument

geometry is comprised of a transmission quadrupole operated in RF-only mode
(q0), a mass resolving quadrupole (Q1), and a quadrupole collision cell (q2).
Software control over the instrument was provided by Daetalyst 3.14, developed
by AB Sciex.

Precursors were preheated in q0 by DDC, mass selected via

RF/DC isolation in Q1, and transferred to q2 and trapped. 20 V DC potentials
were applied to the entrance and exit lenses of q2 to allow for efficient trapping
during the DDC activation segment in storage mode.
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For DDC experiment, q0 and q2 of the mass spectrometer were modified to
provide for a DC dipolar field in the X-dimension. The rod offset leads to one rod
pair were uncoupled, while those of the other rod pair were left coupled. The DC
offset for each uncoupled rod was supplied by individual power supplies, and a
third supply provided the offset for the remaining pair. This allowed an offset
voltage of +/- x to be set on one pair of rods. The voltages were controlled
through the Daetalyst software. The experiments performed in this work used
DC dipolar potentials in q2 only. The basic parameters for q2 operation were r0 =
4.17 mm and Ω = 1.8*2π*106 rad/s and VRF (listed as 0-p) and VDDC values listed
in the text below.

6.3

Results and Discussions

The ion heating effect by dipolar DC excitation in an electrodynamic ion trap
has been described by Tolmachev et al. 11 . The main objective is to use the
dipolar DC field to delocalize the ions from the center of the ion trap to new
equilibrium position where the ions are affected by the higher RF electric field,
resulting in an increase in ion velocity due to RF-heating. The extent to which an
ion of a given mass-to-charge ratio (m/z) is activated is determined by the point
at which the ion displacement from the DDC electric field is counter-balanced by
the trapping electric field. The latter is estimated from the negative gradient of
the effective pseudopotential,

,

)

:
(6.1)
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where

and

are displacements from the center of the trap,

radius of the rod set, and

is the inscribed

is the pseudo potential well-depth12:
(6.2)

is the quadrupole RF amplitude and the q is the Mathieu parameter
given by
(6.3)
where

is the ion unit charge,

radian-s-1. The electric field,

is the ion mass, and

is the RF frequency in

, due to the DDC voltage,

, for round rods

in a quadrupole array has been estimated to be:13
.

(6.4)

0.8 is the correction coefficient for the DDC field between a rod pair as opposed
to a pair of parallel plate. The equilibrium point is reached when the electric force
provided by the DDC field equals that of the trapping field. Using Equation 6.4 for
, the equilibrium displacement is given by:
.

Substituting

(6.5)
with Equation 6.3:
(6.6)

Given certain

and

conditions, the ion cloud displacement ( ) is

proportional to the m/z of the ions. There is a certain limit where the ions are no
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longer trapped by the RF field and be lost by radial ejection. The maximum value
for this limit is given by Equation 6.7 when the ions hit the rod (

):

⁄

(6.7)

However, this relationship simply determines the point at which the average
equilibrium displacement reaches a rod surface and does not take into account
the size of the ion cloud, the position spread due to the secular motion and
micro-motion, and losses due to scattering. These effects are expected to lead
to a decrease in trapping efficiency as

increases from zero to

storage lifetime is expected to be dependent on
substantial fraction of

. Thus, the ion

, particularly as

becomes a

, the practical useful m/z range over which DDC can be

used is expected to be dependent upon the DDC time over the range of

values

where there is a roll-off in trapping efficiency.

6.3.1 Effective High Mass Cutoff with Dipolar DC Activation
The protein UCH-L1 is used as a model system for the study of effective
high mass cutoff in the DDC experiment for its stability towards collision
activation in the gas phase. The ESI spectrum of UCH-L1 has a wide envelop of
charge states spreading from 1000 to 7000 m/z range. The UCH-L1 ions are
trapped in q2, where various DDC potentials are applied. The effective high mass
cutoff is determined as the signal-to-noise ratio of a substantial peak gets down
below 3. The heating effect should also be considered because the ions can also
be lost via collision-induced dissociation (CID). Ideally, the HMCO should be
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measured under the same heating effect (∆T). Tolmachev et al.11 described an
“effective temperature” approach to estimate the increase in polyatomic ion
temperatures subjected to DDC. The change in temperature, ∆T, due to the
DDC voltage, assuming purely quadrupolar fields, the mass of the ion to be much
greater than that of the background gas,

, and that changes in internal

temperatures reflect increases in micro-motion velocity is given by:
.

∆
where

(6.8)

is the Boltzmann constant, 0.64 is the correction coefficient for the DDC

field between a rod pair. The change in internal temperature can be maintained
constant by locking the ratio between

and

. Figure 6.1 shows the

measured HMCO of DDC experiments using UCH-L1 ESI spectra under different
temperature change scenarios. In all cases, the measured HMCO is
approximately 50% of the theoretical value, suggesting the ions are lost
completely when they are displaced

from the center of the trap. Controlled

experiment shows that the change in pseudo potential well depth (from the
change in

) does not affect the trapping efficiency in all cases investigated.

According to Equation 6.7, if the ratio between
theoretical HMCO is only proportional to the

and

is constant, the

applied to the quadrupole. As a

result, the operational HMCO can be changed by increasing the
keeping the

/

while

ration constant. The hypothesis has been supported by

Figure 6.1, where in three different heating conditions, the experimentally
measured HMCO increase as the

or

increases. However, the low mass
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cutoff (LMCO) is increase accordingly as described in Equation 6.3 when
0.908. More importantly, the ratio between the experimental and theoretical
HMCO remain constant regardless of the

and

applied.

6.3.2 Ion Evaporation Kinetics with Dipolar DC Activation
Given the difference between the experimental and theoretical HMCO, it is
desirable to understand the ion evaporation kinetics with DDC activation in a
linear ion trap. It is most straightforward to rationalize that the ion losses in the
DDC experiment follow pseudo first order kinetics, because the ions are
eventually lost by collisional scattering with the bath gas, whose number density
is significantly higher than the analyte ions. However, since the ion cloud has a
finite size, different ions in the cloud experience different electric fields and thus
different collisional scattering effects. This effect was demonstrated using Cs+
ions generated by electrospray to eliminate the effect of fragmentation. Generally,
Cs+ and Cs+(CsI)n clusters are introduced to q2 and trapped. A preheating
process is effected by applying a DDC field to break all the clusters down to Cs+
ion. Then, the Cs+ ions are cooled before a second step DDC activation is
applied to move the ion cloud to the boundary where the Cs+ signal starts to drop.
The holding time of the second DDC period is varied to get an intensity vs.
holding time plot that can be used to determine ion depletion rate constant
(Figure 6.2). Figure 6.2a illustrates the shielding effect when there are a large
number of ions, the ion depletion rate tends to be lower than that of a small ion
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cloud (Figure 6.2b). Even in the case when the ion injection time is minimized,
the initial ion depletion pattern is still affected by the ion cloud shielding effect
(Figure 6.2b). In practicality, only the last few data points were used to determine
the depletion rate constant.
Assuming pseudo first order kinetics for the ion depletion in the DDC
experiment, the experimental conditions (i.e. pressure and temperature) of the
ions should fit into Arrhenius equation:
(6.8)
where

is the rate constant,

gas constant,

is the activation energy,

is the temperature,

is the universal

is the pre-exponential factor, which

represents the total number of collisions between the analyte ion and the ambient
gas and can be calculated using Equation 6.911:
(6.9)
where

is the number density of the ambient gas,

the two colliding particles, and
particles. Substituting

is the cross section of

is the relative velocity of the two colliding

in Equation 6.8 by Equation 6.9, the relationship between

the depletion rate constant and the experimental conditions can be depicted as:
(6.10)
In Equation 6.10,

can be measured as the pressure in the trap,

calculated using Equation 6.8 with given experimental conditions, ,

can be

and

are

constant for a given colliding pair. In order to test the first order kinetics
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hypothesis, we need to investigate the relationship of depletion rate constant with
pressure as well as with ion temperature.
Figure 6.3a shows the depletion constant measured under different trap
pressures. The numbers P=3, 6, 9, 12 and15 are arbitrary values of trap pressure
set by the instrument software. As shown in Figure 6.3b, the depletion rate
constant ( ) has a linear relationship with trap pressure ( ), with a correlation
coefficient as 0.9783. Similarly, the relationship between

and

is measured in

the same manner (Figure 6.4). However, the relationship between ln( ) and 1/
is not a straight line. It is noted that there is a

factor in the pre-exponential

factor, which is also related to ion temperature. Therefore, the relationship
between

and

cannot be mathematically derived. The fact that most solution

phase first order reaction shows linear relationship between ln( ) and 1/ is
because the contribution of temperature in the pre-exponential factor can be
neglect since the solution phase reaction happens at relatively low temperature.

6.3.3 Efficient CID Using a Combination of DC Field and Resonance Excitation
The knowledge of ion evaporation mechanism in DDC experiment can be
applied to unimolecular dissociations that are difficult to perform in a linear ion
trap. For instance, some large biomolecules, i.e. protein complexes with many
disulfide linkages, are difficult to dissociate in the gas phase by ion trap CID
because the resonance excitation amplitude applied either eject the precursor
ions radially or is not high enough to fragment the ions. It is desirable for a
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fragmentation approach that can deposit more energy into the target ion
population without losing them by radial or axially ejection.
Dipolar DC excitation, as one of the ion activation methods, is implemented
by applying a DC field between a rod pair. In our instrumental setup, the DC field
is applied between the rod pair in X-dimension. At the same time, the ion trap
CID is implemented by applying a single frequency dipolar RF excitation between
the rod pair in Y-dimension. As a result, an orthogonal activation approach can
be performed by effect DDC CID in one dimension and ion trap CID in another.
Figure 6.5 shows the orthogonal activation of protonated YGGFL ions using
a combination of DDC CID and ion trap CID. Firstly, the YGGFL ions are
activated by DDC to a point when the [M+H]+ ions start fragment and give rise to
b4 ions (Figure 6.5a). Then, resonance excitation amplitude from the ion trap CID
is gradually increased from 250mV to 350mV. With low excitation amplitude
(Figure 6.5b), the precursor ion signal goes down without giving rise to more
fragment ions. This is presumable due to the fact that orthogonal excitation by
resonance ejects the precursor ions because it effects ion oscillation close to the
ejection boundary. With higher excitation amplitude, the precursor ions are even
more suppressed and fragment ions start to increase in absolute intensity (Figure
6.5c and d). In the case of higher excitation amplitude, more energy is deposited
into the peptide ions and thus they fragment promptly in the first few oscillations.
The fragment ions are then cooled down and trapped by the quadrupolar field.
However, since the amplitude of the oscillation gets larger, the loss of precursor
ions via radial ejection becomes more significant. As a result, the orthogonal
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activation by combining DDC CID and ion trap CID cannot be achieved due to
the poor trapping efficiency at the boundary.
Figure 6.6 describes the combination of quadrupolar DC field and ion trap
CID, which gives rise to more efficient fragmentation for YGGFL ions. The
resonance excitation amplitude of the ion trap CID is held at 285mV to induce
maximum fragmentation without losing the precursor ion by ejection (Figure 6.6b).
Then, the q2 rod offset for the rod pair B (RO2B) (inset of Figure 6.6) is changed
while keeping the q2 rod offset for the rod pair A (RO2A) constant at 0V. With
RO2B being more positive relative to RO2A, the fragmentation efficiency is
decreased, whereas the more negative RO2B leads to more efficiency
fragmentation. However, if the RO2B is too negative, both precursor ion and the
product ion signal are suppressed presumable due to poor trapping efficiency.
The enhanced fragmentation efficiency can be rationalized with increased a (the
Mathieu parameter) value. The change in quadrupolar DC field leads to change
in the a parameter, which delocalize the ions in the Mathieu stability diagram.
Once the ions are moved to the boundary of the stability diagram, they can be
activated. As a result, more energy deposition can be achieved by activating ions
with a combination of quadrupolar DC field and dipolar resonance excitation.

6.4

Conclusions

Effective high mass cutoff is determined to be approximately 50% of the
theoretical value in the UCH-L1 experiment. The relative ratio is not affected by
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the ion internal temperature or pseudo potential well depth. The ion losses in the
DDC experiment follows pseudo first order kinetics. The relationship between the
depletion rate constant and trap pressure has proved to be linear. However,
relationship between the ion temperature and the depletion rate constant is
complicated and need more sophisticated mathematical model to analyze.
Orthogonal ion activation using DDC CID and ion trap CID cannot be achieved
because of the poor trapping efficiency at the boundary region. However, it has
been demonstrated that the combination of quadrupolar DC field and ion trap
CID can increase the amount of energy that can be deposited into the target ion
population without ejecting the ions.
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Figure 6.1 Experimental vs. theoretical high mass cutoff of UCH-L1 ESI spectra
within a range of dipolar DC activation. For each data point within a line, the ratio
of VDDC and VRF is kept constant in order to maintain constant heating effect: (a)
∆T=124.85K; (b) ∆T=98.64K; (c) ∆T=55.49K.
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Figure 6.2 First order kinetics of ion evaporation from the ion trap via dipolar DC
excitation. (a) 200ms Cs+ injection; (b) 8ms Cs+ injection. All data points are
collected under the condition: VDDC=8.2V, VRF=30.16V, ∆T=887.23K.
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Figure 6.3 (a) First order ion evaporation kinetics under different trap pressure; (b)
Linear relationship between pressure and evaporation rate constant.
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Figure 6.4 (a) First order ion evaporation kinetics under different temperature
increase; (b) Fitting temperature increase and evaporation rate constant into
Arrhenius equation.
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Figure 6.5 Orthogonal activation of protonated YGGFL ions. DDC is held at 6V.
Resonance excitation amplitude is at (a) 0mV; (b) 250mV; (c) 300mV; (d) 350mV,
respectively.
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Figure 6.6 Orthogonal activation of protonated YGGFL ions. Resonance
excitation amplitude is held at 285 mV. Rod offset B is held at (a) 5V; (b) 0V; (c) 2V; (d) -6V, respectively. The inset describes the wiring for two rod pairs of q2
quadrupole.
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CHAPTER 7. ION/ION REACTION PRODUCT ENRICHMENT IN LINEAR ION
TRAP

7.1

Introduction

Ion/ion reaction has been significantly developed in the past decades
targeting various mass spectrometric applications.1, 2, 3, 4, 5, 6 Specifically, proton
transfer reactions have been used to reduce the charges of complex mixtures
that are generated by ESI;3, 7, 8, 9, 10 electron transfer reactions have been applied
to change the precursor ion type or induce alternative fragmentation pathways;11
and gas phase covalent bond formation have been studied in terms of gas phase
derivatization and labeling.12,13
The efficiencies and rates of the reactions vary based on different reagents,
reaction conditions, analyte properties as well as stoichiometry of reactants. In
terms of application, there are only certain types of reaction products that are of
interest whereas the rest are considered as byproducts. Efforts have been made
to optimize the reagents such that the desired products are more abundant than
the byproducts14, 15. There are also techniques, i.e. ion parking16, developed to
change the reaction conditions so that certain products can be enriched.
Typically, ion parking has been developed to allow for an entire charge state
envelope to be concentrated into an individual charge state by resonantly
exciting the desired m/z with the application of AC across the endcap electrodes.
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The resonance excitation of the desired m/z can delocalize the target ion
population from the reaction pool and thus prohibit them from further reaction
with the excess reagent ions. The experiment has also been implemented in
parallel parking mode by applying DC across the end caps to spatially spread out
the cation and anion clouds in the axial direction17, 18. Traditionally, ion parking
has been implemented in the 3D ion trap, in which 80% efficiency can be
achieved. However, given the prevalence of hybrid mass spectrometers with
linear ion traps, it is desirable to explore the feasibility of ion parking in a linear
ion trap instrument. In this work, efficient ion parking of protein charge states as
well as reaction complex formation is demonstrated using a QqTOF mass
spectrometer.

7.2

Experimental Section

7.2.1 Materials
Ubiquitin

from

bovine

erythrocytes,

benzoic

acid,

1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), sulfo-NHS acetate (SA) and NHydroxysulfosuccinimide sodium salt (sulfo-NHS) were purchased from SigmaAldrich (St. Louis, MO). 1H,1H-Pentadecafluoro-1-octanol (PFO) was obtained
from Fisher Scientific (Waltham, MA). Methanol and glacial acetic acid were
purchased from Mallinckrodt (Phillipsburg, NJ, USA). 10 μM solution of ubiquitin
was made in 50/50/1 water/methanol/acetic acid (vol/vol/vol).

2 mM PFO

solution was used in 50/50 water/methanol. Sulfosuccinimidyl benzoate (BSN)
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was synthesized by add 1 equivalent of sulfo-NHS to a mixture of 1:1 (equiv.)
benzoic acid and EDC to a final concentration of 1mM.

7.2.2 Apparatus and Procedures
All MS/MS experiments were performed using a prototype version of a
QqTOF tandem mass spectrometer (QSTAR, AB Sciex, Concord, ON, Canada)
modified to allow for ion/ion reaction studies.19 A home-built pulsed dual nanoESI
source was coupled directly to the nanospray interface to produce ions of both
polarities.20 The collision cell quadrupole q2 has been modified to allow dipolar
DC application across one rod pair. 21 Briefly, one pair of q2 rods is wired
together, floated to the same rod offset, while the other pair of rods are not
connected, allowing the rod offsets of each rod to be controlled separately. The
offsets on the dipolar pair have their potentials set symmetrically above and
below the rod offset of the other pair. The total dipolar potential is the difference
between the two equal and opposite potentials.

Ion/ion reactions were

implemented by first storing the cations in q2, followed by mutually storing anions
with cations in q2. Ion parking was achieved by applying dipolar resonance
excitation of the target product m/z or a dipolar potential during the anion
introduction step, the mutual storage step or both.
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7.3

Results and Discussions

The selective enrichment of a certain product of an ion/ion reaction relies on
the exploitation of the fundamental motion of an ion in the electrodynamic trap16.
Ions trapped by electrodynamic field have characteristic oscillatory motions that
are m/z dependent.22, 23, 24 The m/z-dependent oscillation frequency is given by
Equation 7.1:
,

where

2

(7.1)

denotes either radial or axial dimension,

is an integer,

represents driving frequency of the quadrupolar field, and

is given

approximately by Equation 7.2:
(7.2)
where

is given by Equation 7.3:
(7.3)

and the

is given by Equation 7.4:
(7.4)

where

is the quadrupolar DC potential on the rods (

parking experiments),

0 in all ion

is the RF amplitude applied to the quadrupole,

is the

inscribed radius of the quadrupole (distance from the center to one of the rods),
and

/ is the mass-to-charge ratio of the ion. The most important frequency is

the fundamental secular frequency when

0 . The application of a single-

frequency waveform to one pair of the rods (i.e. X/Y-dimension) which is in
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resonance with the X/Y-dimension fundamental secular frequency of ions of a
particular m/z results in the X/Y-dimension acceleration of the ions. This is the
common approach to induce collisional activation of ions in a linear ion trap25 or
to selectively eject ions radially within the context of precursor ion isolation26.
In a typical ion parking experiment, the resonance frequency waveform is
applied with the amplitude high enough to excite the target ions and delocalize
them from the center of the trap but not so high as to cause collision-induced
fragmentation or radial ejection. The rate of ion/ion reaction for the excited target
ion can be diminished relative to its rate in the absence of excitation due either to
an increase in the relative velocity of the collision pair16 or a decrease in the
physical overlap of the positive and negative ion clouds. Note that Equation 7.17.4 apply to a pure quadrupolar field, which is impossible to achieve in an actual
device, i.e. quadrupole rods are not perfectly parallel and result in imperfect
quadrupolar field along the Z-dimension. Ion parking was well established in the
3D quadrupole ion trap due to the perfect overlap between the two reactant ions
(compact ion cloud in the XYZ-dimensions). However, for linear ion trap, the ion
cloud is constrained radially (XY-dimensions) but spreads axially (Z-dimension).
Ion parking by radially activating the target m/z does not work as efficiently
because same m/z ions spreading out in the Z-dimension have slightly different
fundamental secular frequency due to the imperfection in the quadrupolar field
and thus cannot be activated by the RF excitation. To resolve this problem
associated with linear ion trap, we utilize the linear accelerator (LINAC)27 function
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of the Sciex mass spectrometer to axially constrain ion clouds of both polarities
and effect ion parking with radial resonance excitation.

7.3.1 Resonance Excitation Ion Parking during Ion/Ion Reactions
Ion parking has proved to be useful in a number of analytical applications
due to its selective inhibition of ion/ion reaction rates. For instance, it is capable
of stopping or slowing a reaction at a selected product ion and essentially
converting all precursor ion signal into the target m/z. Such an experiment is
demonstrated using complex formation reaction between a multiply charge
ubiquitin ion and a deprotonated reagent ion (Figure 7.1). Sulfosuccinimidyl
benzoate (BSN) is a gas phase derivatization reagent that can covalently
attached a benzoate functional group (+104 Da) to a primary amine containing
residue (N-terminus, lysine, arginine). The first step of the derivatization involves
electrostatic complex formation between the protein cation and the BSN anion.
Further activation of the long-live complex results in amide bond formation with
signature loss of neutral sulfo-NHS (195 Da). The complex formation step is
essential since it determines the final product yield in this reaction. However,
more than one BSN can be attached to the protein cation and therefore the
precursor ion (7+) (Figure 7.1a) is converted into several product species (Figure
7.1b). Figure 3c shows ion parking on the [M+6H+BSN]6+ species by apply
dipolar RF excitation in resonance to the m/z 1477. The actual applied frequency
(81.77kHz) is several kHz off the theoretical fundamental secular frequency
(90.77kHz), suggesting the imperfection of the quadrupolar RF field. The ion
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intensity in the [M+6H+BSN]6+ species (Figure 7.1c) was 85% of the precursor
ion [M+7H]7+ (Figure 7.1a). Comparing to the ion intensity of [M+6H+BSN]6+
without ion parking (Figure 7.1b), the absolute intensity of the ion parking
experiment shows an increase of over a factor of 2, suggesting that the
acceleration of the [M+6H+BSN]6+ species inhibits its reaction to more BSN
adductions.
Effective ion parking experiments have been demonstrated for 1 to 3 BSN
adduction species (Figure 7.2). In all cases, significant concentration of signal in
the ions resonantly excited was observed. The intensity of the species that were
accumulated were 85%, 86% and 71%, respectively, of the precursor ion,
suggesting that the majority of the precursor signal is converted into target
product signal. A variety of ion parking experiments more sophisticated than
illustrated in Figure 7.2 can be envisioned. For instance, the “stars” in Figure 7.2
represent first neutral sulfo-NHS losses from the electrostatic complexes.
Generally in such experiments, the “star” peaks are the next generation products,
which are desirable to be maximized in signal. However, the sulfo-NHS loss can
happen simultaneously upon complex formation reaction (Figure 7.2a), and the
[M+6H+BSN-[sulfo-NHS]]6+ ions can react further with the excess of [BSN-H]ions in the trap (generating the two stars on the right in Figure 7.2a) and dilute
the target product signal. Even with ion parking on the first generation product, i.e.
[M+6H+BSN]6+, the sulfo-NHS loss species can still react to form more BSN
adductions (the two stars on the right in Figure 7.2b) because the star peaks are
not resonantly excited and therefore are cooled down into the center to react with
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the excess of [BSN-H]-. The use of double resonance excitation frequencies
simultaneously in the mutual storage period of the ion/ion reaction allows for
concentration on both [M+6H+BSN-[sulfo-NHS]]6+ ions and [M+6H+BSN]6+ ions,
which maximize the signal intensity in the final product.

7.3.2 The Factors Relative to Resonance Excitation Ion Parking Efficiency
In order to improve the ion parking efficiency in the linear ion trap, linear
accelerator (LINAC) was used to manipulate two ion clouds of opposite polarities
in the mutual storage period. Specifically, LINAC is an axial DC gradient applied
along the q2 collision cell. The potential is relative to the q2 DC rod offset. In all
ion parking experiments, q2 DC rod offset was held at 0V. The negative LINAC
potential drives cations to the entrance lenses direction and anions to the exist
lenses direction, whereas the positive LINAC does the opposite. The LINAC
potential helps either to increase or decrease the overlap of two ion clouds.
When it has an effect in merging two ion clouds, the LINAC also helps to axially
constrain the ion distribution in the Z-dimension, resulting in more homogeneous
quadrupolar field.
Figure 7.3 demonstrates the effect of LINAC potential on the efficiency of
ion parking. The highest ion parking efficiency is noted in Figure 7.3b where
LINAC is equal to 0V. In this particular case, the ubiquitin cations and PFO
anions overlap perfectly based on their injection conditions. Resonance
activation of the 5+ charge state result in more than 80% of the signal recovery.
Without ion parking, the ion/ion reaction proceed up to 1+ charge state or
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neutralization since the total ion intensity in Figure 7.3e is lower than those in the
other four spectra. The abundant precursor charge state (6+) in Figure 7.3a
suggests that negative LINAC potential separate the two ion clouds and therefore
retard the proton transfer reaction. Other than the overlap issue, Z-dimensional
spreading is another factor that determines the ion parking efficiency. Figure 7.3a,
c and d all show more abundant 4+ and 3+ charge states than Figure 7.3b,
suggesting less efficiency ion parking because some portion of the 5+ charge
state ions react further into lower charge states. This phenomenon is presumably
due to the fact that Figure 7.3b is not only the best overlapped scenario, but also
the most compact. Increasing or decreasing the LINAC potential results in
spreading of the ion clouds in the Z-dimension, causing both precursor and
product ions to experience different quadrupolar field. Thus, signal frequency
excitation will only accelerate a portion of 5+ charge state ions, resulting in
spectra with both enhanced 5+ charge state signal and some lower charge state
ions. The portion of 5+ charge state ions that are not affected by the signal
frequency excitation become greater as the LINAC potential increases (Figure
7.3c to d), resulting in more lower charge state ions and less efficiency ion
parking.
It is always essential to find the optimal LINAC potential for different ion/ion
reactions. The LINAC potential is correlated to the starting position of both ion
clouds in the mutual storage period. Figure 7.4 demonstrates ion parking on
different product charge states for the same reaction [ubiquitin]7++PFO-. Note that
the amount of PFO ions introduced via electrospray is different in two scenarios
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due to the different extents of reaction required for two parking experiments.
Because of the variations in the amounts of negative ions, different LINAC
potentials (5V vs. 15V) are required to obtain the optimum parking efficiency. The
effect of the excitation amplitude seems to be incremental to the ion parking
efficiency before it exceeds the fragmentation/ejection threshold. Generally,
increasing excitation amplitude increases the oscillation velocity of the target ion,
and thus diminishes its reaction rate towards the opposite charge. However,
when the excitation amplitude exceeds a certain threshold, the target ions signal
drops due to loss from collision-induced fragmentation or radial ejection from the
trap.
7.3.3 Parallel Ion Parking Using Dipolar DC Excitation
The application of dipolar DC (DDC) during ion/ion reactions diminishes the
ion/ion reaction rates in a similar fashion to using auxiliary AC waveforms. The
DDC potential separate the oppositely charged ion clouds by displacing them
radially in opposite directions (+X/Y vs –X/Y). Moreover, Displacement from the
center of the trap increases the velocity of the ions’ micromotions as they are
activated by the RF field from regions closer to the rods. 28 ,

29

Thus, the

application of dipolar DC field, in theory, can selectively enhance certain reaction
product signal by reducing its reaction rate. This process is termed parallel ion
parking17,18.
The selective ion enrichment in the context of parallel parking is more
elusive than the resonance excitation. The whole ion population is affected by the
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dipolar DC field, causing radial displacement relative to the m/z of the ions
(Equation 7.5)30, 31, 32:
.

where

(7.5)

is the ion cloud displacement from the center,

radius of the q2 quadrupole,
of the rods,

is the inscribed

is the dipolar DC potential applied to one pair

is the RF amplitude applied to the q2 quadrupole,

is the

Mathieu parameter which can be calculated by Equation 7.4, 0.8 is the correcting
coefficient for the DC field between a rod pair31, 32. Substitute
with Equation 7.4, the relationship between

in Equation 7.5

and m/z can be demonstrated as

Equation 7.6:
(7.6)
The parameters in the parentheses are constant at a given experimental
condition, i.e. constant

and

. Therefore,

is direct proportional to m/z at

any given condition. Ions with higher m/z are displaced further from the center,
and thus be exposed to stronger RF field and activated more. Since most of the
ion/ion reactions result in mass addition to the reactants, the reaction rates of the
products should be reduced more as opposed to that of the reactants. Note that
the reagent ions (in the opposite polarity) are displaced in the opposite direction,
so the overall reaction rate is also diminished due to the ion cloud separation.
Theoretically, for low

, only high m/z ions are displaced far enough to reduce

the reaction rate, so ion parking can be achieved for these high m/z products; for
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high

, both high m/z and low m/z ions are separated from the reaction pool

and low m/z products can be accumulated.
The effect ion parallel parking in a linear ion trap has been illustrated using
ion/ion reaction between [M+7H]7+ ions of ubiquitin and deprotonated sulfo-NHS
acetate (SA) (Figure 7.5). Without application of dipolar DC potential, up to 3 SA
adductions to the ubiquitin cation can be observed (Figure 7.5a). With 2V dipolar
DC applied, the intensities of [M+4H+3SA]4+ and [M+5H+2SA]5+ ions decrease
by 68% and 8%, respectively, whereas the intensity of [M+6H+SA]6+ ions
increases by 11%. The signal decrease in [M+4H+3SA]4+ and [M+5H+2SA]5+
ions is presumably a result of decreased reaction rates of [M+5H+2SA]5+ and
[M+6H+SA]6+ ions, suggesting that the displacement caused by dipolar DC
affects the reaction rates of more than one product. Similarly, 4.6 V dipolar DC
inhibits the reaction rates of [M+6H+SA]6+ and [M+7H]7+ ions, causing signal
accumulation in both species (Figure 7.5c). If more dipolar DC potential is
applied, the reaction stops at the formation of the first SA adduction due to the
reduction in overall reaction rate.
Unlike ion parking in the resonance excitation mode, adjustment of the
LINAC potential does not seem to help increase in the parking efficiency.
Intrinsically, the parallel ion parking in a linear ion trap is limited by the fact that
multiple reaction products are affected by the same dipolar DC field. If the ion
cloud displacement can be accurately tune in such way that the reaction rate of
only one product is diminished while all the lower m/z ions are not affected,
parallel ion parking can then be achieved. According to Equation 7.6, the higher
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ratio between

and m/z is desired so that ion cloud displacement of different

m/z’s will be more distinguishable at certain

. Therefore, the quadrupole

inscribed radius ( ) and drive frequency ( ) should be increased, whereas the
RF amplitude (

) should be decreased. However, at the given instrumentation

condition in our lab, the only parameter we can change is the RF amplitude (
The

).

can only be lowered to a certain point where the ions can no longer be

trapped due to shallow pseudo potential well depth. Even in those extremes,
effective parallel ion parking still cannot be achieved.

7.4

Conclusions

Ion parking in resonance excitation mode has been demonstrated in a linear
ion trap with improved efficiency. This approach has potential to increase the
ion/ion reaction efficiency by selectively accumulating ion signal on a particular
reaction product. The utilization of LINAC potential to maximize overlapping and
constrain ions in the Z-dimension is the key to achieve high ion parking efficiency.
For different reactions, the LINAC potential has to be tuned accordingly with
respect to initial reactant ion positions along the Z-dimension. The excitation
amplitude needs to be high enough to accelerate the target ions but should not
be too high to induce fragmentation or radial ejection.
Parallel ion parking by dipolar DC has been shown to be possible in
principle. The ion reaction rate has been reduced by the displacement of ion
clouds caused by the dipolar DC field. However, the result obtained is not
comparable to the ion parking in resonance excitation mode due to the
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instrumentation constraints. Linear ion traps with larger inscribed radii and driving
frequencies are needed in order to achieve parallel parking on a specific product
ion species. The trapping efficiency and electronic technique issues should also
be considered in terms of increasing the size and frequency of the quadrupole.
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Figure 7.1 Mass spectra of bovine ubiquitin ions acquired in (a) pre-ion/ion mode,
(b) post-ion/ion mode and (c) ion parking mode with 81.77Hz_300mV dipolar RF
excitation in mutual storage period.
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Figure 7.2 Post ion/ion reaction mass spectra of bovine ubiquitin [M+7H]7+ and
[BSN-H]-. (a) Post ion/ion reaction without ion parking; (b) ion parking on
[M+6H+BSN]6+ with 81.77Hz_300mV; (c) ion parking on [M+5H+2BSN]5+ with
65.72Hz_300mV; (d) ion parking on [M+4H+3BSN]4+ with 50.95Hz_400mV. The
“stars” represent first neutral sulfo-NHS losses from the electrostatic complexes.
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Figure 7.3 LINAC effect on ion parking efficiency demonstrated using proton
transfer reaction: [ubiquitin]6++[PFO-H]-. (a)~(d) are under the same ion parking
frequency (47.23kHz) and amplitude (250mV). The only variable is the LINAC
potential: (a) LINAC=-5V; (b) LINAC=0V; (c) LINAC=10V; (d) LINAC=16V. (e)
shows the post ion/ion reaction spectrum without ion parking.

206

Figure 7.4 Post ion/ion reaction spectra from [ubiquitin]7++[PFO-H]-. (a) ion
parking at 4+ charge state, with 37.9kHz, 350mV and 60ms PFO injection,
LINAC=5V; (b) ion parking at 6+ charge state, with 56.9kHz, 300mV and 30ms
PFO injection, LINAC=15V.
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Figure 7.5 Parallel parking of the ion/ion reaction between ubiquitin 7+ and
deprotonated sulfo-NHS acetate (SA) in mutual storage mode. (a) 0 V, (b) 2 V, (c)
4.6 V and (d) 6 V dipolar DC are applied to allow ion parking at 6+ charge state.
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ABSTRACT: Two sets of synthetic 21−23mer oligonucleotides with various types of 2′-position modiﬁcations have been
studied with tandem mass spectrometry using ion trap collision-induced dissociation (IT-CID) and negative electron transfer
(NET)-CID. A systematic study has been conducted to deﬁne the limitations of IT-CID in sequencing such 2′-chemically
modiﬁed oligonucleotides. We found that IT-CID is suﬃcient in characterizing oligonucleotide sequences that do not contain
DNA residues, where high sequence coverage can be achieved by performing IT-CID on multiple charge states. However,
oligonucleotides containing DNA residues gave limited backbone fragmentation with IT-CID, largely due to dominant
fragmentation at the DNA residue sites. To overcome this limitation, we employed the negative electron transfer to strip an
electron from the multiply charged oligonucleotide anion. Then, the radical anion species formed in this reaction can fragment
via an alternative radical-directed dissociation mechanism. Unlike IT-CID, NET-CID mainly generates a noncomplementary d/w
ion series. Furthermore, we found that NET-CID did not show preferential dissociations at the DNA residue sites and thus
generated higher sequence coverage for the studied oligonucleotide. Information from NET-CID of diﬀerent charge states is not
fully redundant such that the examination of multiple charge states can lead to more extensive sequence conﬁrmation. This work
demonstrates that the NET-CID is a valuable tool to provide high sequence coverage for chemically modiﬁed oligonucleotides,
and such detailed characterization can serve as an important assay to control the quality of therapeutic oligonucleotides that are
produced under the good manufacture practice (GMP) regulations.
To address this challenge, both enzymatic digestion10−13 and
chemical degradation procedures14,15 have been described, and
they showed good success toward conﬁrming the primary
structure of puriﬁed synthetic oligonucleotides. Overall, these
approaches are analogous to the bottom-up method used in
proteomics, where a large biomolecule is ﬁrst chemically or
enzymatically degraded into smaller components before
characterization by mass spectrometry. An alternative way to
address such a challenge is the ever more popular top-down
strategy, where an oligonucleotide pseudomolecular cation or
anion is subjected to fragmentation in the mass spectrometer

S

ynthetic oligonucleotides have been extensively researched
as drug candidates1−3 and diagnostic agents.4 Various
chemical modiﬁcations have been introduced into such
molecules to improve their stability and eﬃcacy as well as to
minimize toxicity.5−7 Among them, modiﬁcation of the 2′
position on the pentose ring is widely applied in numerous
synthetic oligonucleotides and has proved to be reliable and
robust.8 However, such sugar modiﬁcations on oligonucleotides
also complicate their characterization, an important part of the
quality control for oligonucleotides as therapeutics.9 Speciﬁcally
for chemically modiﬁed oligonucleotides, the structures of base
and sugar groups, as well as the order in which the nucleosides
are arranged, needs to be thoroughly conﬁrmed using robust
analytical methods.
© 2013 American Chemical Society
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Table 1. Summary of the Oligonucleotide Sequences Used in This Study
name

sequencea

2′-H 55664
2′-OH 55664
2′-F 55664
2′-OMe 55664
2′-H 55665
2′-OH 55665
2′-F 55665
2′-OMe 55665
2′-(F, H) 55664
2′-(H, OH) 55664
2′-(H, OMe) 55664
2′-(F,OH, OMe) 55665

5′-iBdCdCdAdGdGdGdCdGdAdUdGdCdCdUdUdCdCdAdUdTdTiB-3′
5′-iBrCrCrArGrGrGrCrGrArUrGrCrCrUrUrCrCrArUrTrTiB-3′
5′-iBfCfCfAfGfGfGfCfGfAfUfGfCfCfUfUfCfCfAfUfTfTiB-3′
5′-iBmCmCmAmGmGmGmCmGmAmUmGmCmCmUmUmCmCmAmUmTmTiB-3′
5′-dAdUdGdGdAdAdGdGdCdAdUdCdGdCdCdCdUdGdGdUdU-3′
5′-rArUrGrGrArArGrGrCrArUrCrGrCrCrCrUrGrGrUrU-3′
5′-fAfUfGfGfAfAfGfGfCfAfUfCfGfCfCfCfUfGfGfUfU-3′
5′-mAmUmGmGmAmAmGmGmCmAmUmCmGmCmCmCmUmGmGmUmU-3′
5′-iBfCfCdAdGdGdGfCdGdAfUdGfCfCfUfUfCfCdAfUdTdTiB-3′
5′-iBrCrCdAdGdGdGrCdGdArUdGrCrCrUrUrCrCdArUdTdTiB-3′
5′-iBmCmCdAdGdGdGmCdGdAmUdGmCmCmUmUmCmCdAmUdTdTiB-3′
5′-rArUrGmGmAmAmGmGfCmAfUfCmGfCfCfCfUmGmGmUmU-3′

a
The modiﬁcations on the 2′ of sugar moiety are indicated: “m” represents the 2′-O-methyl modiﬁcation, “f” stands for the 2′-ﬂuoro modiﬁcation,
“d” indicates a deoxyribonucleotide, “r” indicates a ribonucleotide, and iB stands for inverted abasic (Figure 4 of the Supporting Information).

even when RNA residues are present.24 Therefore, characterization of chemically modiﬁed oligonucleotides containing
DNA residues is particularly challenging.
It has been shown that fragmentation of odd-electron
(radical) oligonucleotide anions does not favor the base loss
channel under similar activation conditions.27 Therefore, the
gas-phase dissociation of the radical species is promising in
generating more informative backbone fragmentation. The
electron photodetachment dissociation (EPD),28 electron
transfer followed by CID (ET-CID),18 and negative electron
transfer followed by CID (NET-CID)29 experiments have
shown that supplemental activation of odd-electron (radical)
oligonucleotide species is eﬀective in the sequence determination of 2′-modiﬁed model oligonucleotides. There is also
evidence that electron detachment dissociation (EDD)30
generates similar fragmentation patterns as EPD and NETCID, namely d/w ions.
In this study, we set out to develop and evaluate a procedure
for the identiﬁcation and characterization of heavily modiﬁed
oligonucleotides. Several oligonucleotides that mimic the length
and chemical modiﬁcations as those of potential therapeutic
siRNAs31 have been synthesized. We applied the ion trap CID
(IT-CID) and NET-CID to analyze these samples. Speciﬁcally,
a set of oligonucleotides with uniform 2′ chemical modiﬁcation
on the sugar moiety were subjected to IT-CID to identify the
fragmentation patterns for the corresponding even-electron
anions. Then, a set of even-electron oligonucleotide mix-mers
was studied by IT-CID to identify the relative gas-phase
stabilities of diﬀerent 2′-modiﬁed nucleotide backbones. Finally,
NET-CID was applied to these mix-mers to demonstrate the
utility of using NET-CID to generate high sequence coverage
for these highly modiﬁed oligonucleotide molecules.

and sequence information is derived from the masses of
fragment ions. A number of reports have appeared describing
the successful sequencing and characterization of modiﬁed
oligonucleotides of various types.16−19 In principle, direct
sequencing of oligonucleotides by tandem mass spectrometry is
favored over a digestion approach because of potential
advantages in speed, sensitivity, as well as its capability to
analyze minor components in a complex mixture. However, in a
previous study of the collision-induced dissociation (CID)
patterns of 2′-modiﬁed mix-mer models, we observed strong
diﬀerences in the gas-phase fragmentation behavior that arise
from the various modiﬁcation sites.19 Fragmentation of the
phosphodiester linkage at the 3′-side of the modiﬁed pentose,
for example, was not observed with collisional activation when
present with DNA residues. Rather, fragmentation tended to
dominate at the DNA residue sites. This represents a
complicating factor for use of the top-down method to
characterize the primary structure of oligonucleotides. Therefore, it is desirable to fully understand the eﬀects of various 2′modiﬁcations on the relative gas-phase stabilities of the
nucleotide residues (in conventional CID) along the oligomer.
Moreover, dissociation approaches that generate sequence
information that are not aﬀected by the 2′-modiﬁcations are
highly desirable.
It has been demonstrated that the 2′-modiﬁcation plays an
important role in the oligonucleotide CID process.19 The gasphase unimolecular dissociation of DNA gives rise to a-B/w
ions,20 which are generated by a facile base loss process
followed by the 3′ C−O bond cleavage.21−23 This pathway is
favored because the base loss channel requires lower activation
energy as opposed to any other backbone cleavages. The
mechanism involves a 1,2-elimination step that requires the 2′position to be a hydrogen. Once the 2′-position is substituted
with other functional groups, this low energy pathway is
inhibited. For the CID of RNA where the 2′-position is an OH
group, the low-energy base loss channel is inhibited, but there is
a c/y-fragmentation channel that arises from the 5′ P−O bond
cleavage, involving the 2′-OH functionality.24-26 Likewise, this
channel is no longer preferred if the 2′-OH is replaced by other
functional groups.24 In accordance with the previous study of
model oligonucleotide mix-mers, fragmentation at the DNA
residues outcompetes fragmentation at the phosphodiester
linkage to the 3′-side of the 2′-modiﬁed ribose to the point that
the latter is not observed.19 When there are no DNA residues,
backbone cleavages from the 2′-modiﬁed residues are observed

■

METHOD

Methanol, isopropanol, and glacial acetic acid were purchased
from Mallinckrodt (Phillipsburg, NJ). Rubrene, acetonitrile,
dichloromethane, piperidine, and imidazole were obtained from
Sigma-Aldrich (St. Louis, MO). All oligonucleotides were
synthesized in house (Rahway, NJ). For the sake of clarity with
respect to the nature of the modiﬁcation on the 2′ of the sugar
moiety, “m” represents the 2′-O-methyl modiﬁcation, “f” stands
for the 2′-ﬂuoro modiﬁcation, “d” indicates a deoxyribonucleotide (Table 1 and Figure 4 of the Supporting Information). The
oligonucleotides are based on two complementary sequences
4714
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Figure 1. Product spectra from IT-CID of (a) 2′-H 55664, (b) 2′-OH 55664, (c) 2′-F 55664, and (d) 2′-OMe 55664 with 475 mV dipolar excitation
at 115 kHz frequency. −BH and −B− peaks represent neutral and charged base losses. +P peaks indicate [M − 9H + plasticizer]9−, which is formed
by ion/molecule reactions when the oligonucleotide anions are exposed to the plasticizer present in the vacuum housing.

negative nanoelectrospray (nanoESI) were prepared to ca. 50
μM in 20:80 isopropanol:water (v:v) with the addition of 25
mM piperidine and 25 mM imidazole.32 Rubrene was dissolved
in dichloromethane to a concentration of ca. 4 mM and then
diluted to ca. 80 μM in 20:80 dichloromethane:acetonitrile
(v:v).

(55664 and 55665) and diﬀerent 2′-modiﬁcations are
incorporated along the backbone.
Preparation of Solutions. Synthetic oligonucleotide
samples were desalted before mass spectrometry analysis.
Desalting was carried out using a cation-exchange resin.
Desalting of oligonucleotides by the cation exchange resin
(Amberlite IRN77 hydrogen form) was carried out as described
below. The cation exchange resin was rinsed with DEPC−H2O
and then mixed with 100 μL oligonucleotide stock solution of
about 200 μM at room temperature for 10 min to reduce the
cation adducts (Na+ or K+). Oligonucleotide solutions for

■

APPARATUS AND PROCEDURES

All MS/MS experiments were performed using a prototype
version of a QqTOF tandem mass spectrometer (QSTAR,
Applied Biosystems/MDS Sciex, Concord, ON, Canada)
4715
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Figure 2. Backbone fragmentation summary for the IT-CID of uniformly 2′-modiﬁed oligonucleotides. (a) Fragment nomenclature with color
coding. Fragmentation summary for (b) 2′-H 55664, (c) 2′-OH 55664, (d) 2′-F 55664, (e) 2′-OMe 55664, (f) 2′-H 55665, (g) 2′-OH 55665, (h)
2′-F 55665, and (i) 2′-OMe 55665. The percentages are the calculated sequence coverage.

modiﬁed to allow for ion/ion reaction studies.33 A home-built
pulsed dual nanoESI source was coupled directly to the
nanospray interface to produce ions of both polarities.34 The
multiply charged oligonucleotide anions, [M − nH]n−, were
generated directly via a nanoESI emitter. Nitrogen was used as
the curtain gas as well as the target gas for CID.
In a typical IT-CID experiment, the oligonucleotide anions
were generated via nanoESI and the precursor ions were
isolated with Q1 RF/DC and directed into the q2 linear ion
trap (LIT) at a relatively low kinetic energy. During the
trapping time in q2, an RF amplitude was applied in a dipolar
manner to one pair of the rods with frequency in resonance of
the fundamental secular frequency of the ion of interest.
Excitation of the ion of interest led to an increase in orbited
trajectory, resulting in higher-energy collisions with the N2
cooling/bath gas. Conversion of kinetic energy to internal
energy subsequently resulted in dissociation. The fragment ions
were cooled in q2 and then subjected to mass analysis by the
time-of-ﬂight (TOF) detector.

In a typical NET-CID experiment, oligonucleotide anions
were introduced into the mass spectrometer via the negative
nanoESI source and the ions of interest were isolated and then
injected into the q2 LIT. Reagent cations of interest were
similarly isolated from the positive nanoESI of the metal
complex solution and introduced into the q2 LIT, where ions of
both polarities were mutually trapped by applying AC on both
entrance and exit lenses of q2. The reaction eﬃciency was
optimized by adjusting the linear accelerator (LINAC)
potential35,36 to allow maximum overlap of the cations and
anions. To perform further IT-CID, the products of the ion/ion
reaction were sent back to Q1 to isolate the charge-reduced
species.37 Then, the isolated radical anions were introduced to
q2 for IT-CID. The theoretical fragment masses were
calculated using an in-house developed Excel spreadsheet.

■

RESULTS

Ion Trap CID of Oligonucleotides with Uniformly
Modiﬁed Backbones. Previous studies have shown that the
2′-modiﬁcation can considerably alter the gas-phase fragmenta4716
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Figure 3. Fragment ion map from IT-CID of [M − 9H]9− of (a) 2′-(H, OH) 55664 and (b) 2′-(H, OMe) 55664. The percentages are calculated
sequence coverage. (c) 2′-(F, H) 55664 and (d) 2′-(F, OH, OMe) 55665 with 475 mV dipolar excitation at 115 kHz frequency. (See key in Figure 2
for the fragment types.)

tion patterns of the short-strand oligonucleotide anions.19,25 To
extend this knowledge based on the short oligomers to the
longer oligonucleotides (i.e., 21 and 23mers), we have
synthesized eight oligonucleotides (Table 1) that are based
on 2 basic sequences (named 55664 and 55665) with four
diﬀerent types of 2′ sugar modiﬁcations (2′-H, 2′-OH, 2′-F,
and 2′-OMe). These molecules were analyzed using a modiﬁed
Q-TOF instrument (that is capable of performing both IT-CID
and NET-CID experiments), and their gas-phase fragmentation
behaviors were studied. Ion trap CID was performed on all
eight samples with multiply charged anions ([M − 9H]9−) as
precursors. For 55664 samples, CID of 2′-H oligomers gives
rise to a-B/w fragments (Figure 1a), CID of 2′-OH oligomers
mainly generates c/y fragments (Figure 1b), CID of 2′-F
(Figure 1c) and 2′-OMe (Figure 1d) oligomers produces all
possible types of backbone cleavages resulting in a/w, b/x, c/y,
and d/z fragments. Similar fragmentation behavior was
observed for the 55665 samples. These data suggest that the
gas-phase dissociation of the oligonucleotide 21-mers follow the
same patterns as those noted for a short model oligomer
system.19 Brieﬂy, the a-B/w fragmentation pattern of the allDNA oligomer is predicated on the facile base loss channel that
involves the 2′-H on the ribose ring;38,39 the c/y product
formation of the all-RNA oligomer results from the 5′ P−O
bond cleavages due to a rearrangement mechanism involving
the 2′-OH substitution.24 It is noteworthy that IT-CID of 2′-H
55664 generates relatively poor sequence coverage [deﬁned as
the number of cleaved linkage between nucleoside residues
divided by the total number of applicable linkages (e.g., 11/22
= 50% in this case)]. This is likely due to relatively little
sequential fragmentation following base loss, so we performed
supplemental activation on the base loss peaks and successfully
improved the sequence coverage to 86% (see Figure 1 of the
Supporting Information). When the 2′-position on the pentose
ring is substituted by other functional groups, such as 2′-ﬂuoro
(2′-F) or 2′-O-methyl (2′-OMe), the low-energy channels are
inhibited and therefore other backbone cleavage pathways

become competitive. Various fragmentation channels were
observed as demonstrated in Figure 1c and 1d. At least 70%
sequence coverage is achieved by IT-CID for all of the
modiﬁcation states of 55664 and 55665 samples (Figure 2),
indicating that IT-CID may be fairly eﬀective in characterizing
oligonucleotides with only one type of sugar moiety.
IT-CID of Oligonucleotide Mix-Mers. It is relatively
straightforward to characterize uniformly 2′-modiﬁed oligonucleotides due to the simplicity of the backbone. When the
oligonucleotide sequences have more than one type of
functional sugar groups, it can be expected that preferential
cleavages will happen at the modiﬁcation sites with the most
facile dissociation pathways. To conﬁrm this type of cleavage
preference, three oligonucleotide mix-mers with DNA moieties
and one oligonucleotide mix-mer with no DNA moieties were
subjected to IT-CID under the same experimental conditions.
Figure 3 shows the fragment ion maps from IT-CID of the four
oligonucleotide mix-mers. Backbone cleavages are almost
exclusively limited to the 3′-side of the DNA residues when
DNA residues are present in the sequence (Figure 3, panels a−
c), and the sequence coverage are 41%, 32%, and 32%,
respectively. For the oligonucleotide mix-mer with no DNA
residues, dissociation is more evenly distributed across the
backbone (Figure 3d). Sixteen out of the 20 applicable linkages
are cleaved, generating a sequence coverage of 80% for this
molecule. This experiment suggests that 2′-OH, 2′-F, and 2′OMe-modiﬁed backbones have comparable fragmentation
threshold during the IT-CID event, where the 2′-H backbone
is less stable and thus gives rise to a more competitive
dissociation pathway. As a summary, we have found that the ITCID of multiply deprotonated anions is very eﬀective in
characterizing oligonucleotides that do not contain any DNA
moieties, and for oligonucleotide mix-mers with DNA moieties,
IT-CID might not be able to provide good sequence coverage.
NET-CID and IT-CID of Oligonucleotide Mix-Mers.
Previous studies have shown that CID of modiﬁed oligonucleotide radical anions generates sequence information with little
4717
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Figure 4. Fragment ion map from IT-CID of (a) [M − 8H]8− and (b) [M − 9H]8−• of 2′-(F, OH, OMe) 55665with 475 mV dipolar excitation at
115 kHz frequency. The percentages are calculated sequence coverage. (c) Product spectrum of [M − 8H]8− of 2′-(F, OH, OMe) 55665. (d)
Product spectrum of [M − 9H]8−• of 2′-(F, OH, OMe) 55665. (See key in Figure 2 for the fragment types in A and B.)

apparent preference for modiﬁcation state,29 and the radicaldirected dissociation mechanism does not involve the 2′substitution. Therefore, we proceed to examine the utility of
NET-CID in characterizing oligonucleotide mix-mers, especially for those that contain DNA moieties. Speciﬁcally in this
study, we generated radical anions by reacting multiply charged
oligonucleotide anions with rubrene radical cations in the gas
phase. Rubrene was chosen as the negative electron transfer
reaction reagent because it can be generated as a radical cation
via electrospray. This signiﬁcantly simpliﬁes the instrument
setup by having both ion sources being nanoelectrospray.
Two representative oligonucleotide mixers, 2′-(F, H) 55664
and 2′-(F, OH, OMe) 55665 (Table 1) were selected to
demonstrate the universal fragmentation pattern of the NETCID process. When 200 ms reaction time was used for the 9charge state of sequence 55665 that contains 2′-OH, 2′-F, and
2′-OMe in a sugar moiety, we observed multiple chargereduced products ([M − 9H]8−, ...) and rubrene-adducted
peaks (see Figure 2 of the Supporting Information). The radical
anion generated via single-electron transfer ([M − 9H]8−) was
selected for collisional activation, and the resulting MS/MS is
shown in the Figure 4d. In this case, we observed 102 fragment
peaks for NET-CID, where 26 peaks matched theoretical gas
phase fragment ions within 100 ppm (see Table 1 of the
Supporting Information), and 23 of them matched to the dand w-typed ions. It is noted that c/y-fragments are also

observed in the NET-CID spectrum (Figure 4d), which are
most likely generated by exciting the even-electron species from
proton transfer processes. Therefore, d/w fragments constitute
the major channel for NET-CID fragmentation.
As shown in Figure 4a, the sequence coverage obtained from
IT-CID of [M − 8H]8− 55665 is 80%. This number can
increase to 85% if multiple charge states are investigated.
However, if information from both CID spectra of the evenelectron (Figure 4a) and radical species (Figure 4b) are
combined, 100% sequence coverage can be achieved. These
data suggested that the NET-CID provides additional fragment
channels that are complementary to IT-CID. When combining
both techniques, we are able to achieve very high (in this case
100%) sequence coverage.
The NET-CID method was also applied to the 2′-(F, H)
55664 oligonucleotide, where only 27% sequence coverage has
been achieved when performing the IT-CID study alone
(Figure 5a). Totally, 48 peaks were observed in the NET-CID
(Figure 5d), where 26 peaks matched theoretical gas-phase
fragment ions within 100 ppm (see Table 2 of the Supporting
Information), and 14 of them matched expected d/w ions. As
shown in Figure 5d, d/w fragments constitute the main
dissociation products with randomly distributed a/z fragments
also present, and no preferential backbone fragmentation
channel is observed. The sequence coverage was improved
from 27% (Figure 5a) to 64% (Figure 5b) for the same charge
4718
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Figure 5. Fragment ion map from ion trap CID of (a) [M − 8H]8− and (b) [M − 9H]8−• of 2′-(F, H) 55664 with 475 mV dipolar excitation at 115
kHz frequency. The percentages are calculated sequence coverage. Product spectra from IT-CID of (c) [M − 8H]8− and (d) [M − 9H]8−• of 2′-(F,
H) 55664.

state. Interestingly, the NET-CID of [M − 7H]7−, [M − 8H]8−,
and [M − 9H]9− of 2′-(F, H) 55664 generate 59%, 64%, 64%
sequence coverage, respectively, and we found that their
cleavage sites are located on diﬀerent phosphodiester linkages
(see Figure 3 of the Supporting Information). This indicates
that the NET-CID is aﬀected by the precursor ion charge state,
and therefore performing NET-CID on more than one charge
states may provide even greater sequence information. To
conﬁrm this, we examined the NET-CID of charge states from
5− to 9− and found that combining the information from the
7− to 9− charge states results in a total sequence coverage of
95% (see Figure 3 of the Supporting Information). The 5− and
6− charge states do not provide any additional sequence
information.
From the NET-CID of the studied oligonucleotides, it is
apparent that the entire sequence of the oligomer usually
cannot be generated by simply performing one experiment with
a single charge state, despite the lower sensitivity to 2′modiﬁcation states in the odd-electron ions. Other variables,
such as gas-phase secondary structure and charge site location,
may also play important roles. The fact that complementary
information is obtained from diﬀerent charge states strongly
suggests that such variables are in play. As there are many

variables associated with the size of oligonucleotides, it is hardly
surprising that the examination of several ion types (e.g., oddelectron, even-electron, or diﬀerent charge states) leads to the
greatest opportunity for generating higher sequence coverage.

■

CONCLUSION

The identiﬁcation and complete sequence characterization of
highly modiﬁed oligonucleotides remains a challenging problem
largely due to the diversity of modiﬁcation states along the
backbone. IT-CID, an extensively utilized activation approach
for mass spectrometric sequencing, has proved to be limited to
some speciﬁc modiﬁcation combinations in even-electron
anions, and the achievable sequence coverage is particularly
low when DNA residues are present (largely due to the highly
favorable base loss channel associated with deoxyribose). In this
report, we have shown that the NET-CID (that entails IT-CID
of odd-electron anions) is less sensitive to modiﬁcation states in
oligonucleotides with modiﬁed sugars. In the case of
oligonucleotides mix-mers with DNA residues (55664), NETCID can serve as an eﬃcient method to break the DNA as well
as non-DNA backbone. In contrast to our previous work, where
NET-CID provided 100% sequence coverage for comparatively
short 2′-modiﬁed mix-mer (10-mer),29 NET-CID on a single
4719
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charge state of the 2′-modiﬁed 23-mer only provides 56−64%
sequence coverage. This signiﬁcant diﬀerence in sequence
coverage implicates that longer oligonucleotides are more
challenging for top-down characterization due to its complexity
in both conformation and chemistry. However, we are able to
achieve 95% sequence coverage when combining the MS/MS
data from 7-, 8-, and 9- charge states. This demonstrates
another major advantage of NET-CID over conventional CID.
Speciﬁcally, NET-CID on diﬀerent charge states of DNAcontaining oligonucleotides provided complementary sequence
information, whereas conventional CID still only generates
fragment ions restrained to 3′-cleavage of the DNA residues.
Indeed, our data suggest that it is desirable to probe diﬀerent
charge states for both even-electron and odd-electron precursor
ions to generate the most complete sequence coverage.
Moreover, this technique has similar potential, as shown by
Taucher and Breuker,17 in generating “fragment mass ladders”
for chemically modiﬁed oligonucleotides by comparing fragment peaks from the dissociation of the odd- and even-electron
precursors.
In summary, we found that the even-electron and oddelectron ions fragment along the backbone by distinct
mechanisms that showed distinct sensitivities to the 2′modiﬁcation states. This work demonstrates that the NETCID can serve as a part of valuable toolkits to provide high
sequence coverage for heavily modiﬁed synthetic oligonucleotides. We believe that such detailed characterization will serve
as an important assay to control the quality of therapeutic
oligonucleotides, especially for those that are produced under
GMP regulations and will eventually be used in clinical studies.
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